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Josephson effect @PTB

Current j

The AC Josephson Effect represents a perfect |

Frequency to Voltage converter:

f,=(2e/h)V =K,V Volage U
’ ( ) ) barrier (V

Accordingly a voltage is generated by applying

RF to a Josephson junction:

szj-zﬂezfj-l(;1

The value of the Josephson constant was fixed in 1990:

K, o, =483597,9 GHz/V

Josephson basics



How accurate is the Josephson relation? @PTB

e
V 13 Ls V f=l/(V1—V2)d?t
1 J J . ()[ L
I (V) i) 1,
L, \LL§UF’HJ L, L=L,+Li+L

Very sensitive method!
AV=V,-V,=Ldl/dt

Typically L ~1 nH - uH, | is in the range of nA and t ~1000 s

Josephson basics



Josephson effect: Accuracy @PTB

* 1968: ac Josephson effect - 2e / h is identical in lead, tin, and indium: AV /V <1 x1078
J. Clarke, Phys. Rev. Lett. 21, 1566-1569, (1968).

e 1983: Comparison between two single junctions: AV /V <2 x10716
J.S Tsai, A.K. Jain, J.E. Lukens, Phys. Rev. Lett. 51, 316, (1983).

* 1986: Comparison between two 1V arrays: AVstep /Vstep (30pA) < 7 x10713
J. Niemeyer et al., IEEE Electron Device Lett. EDL-7, 44, (1986).

e 1987: Comparison between two 1V arrays: AV /V <2 x107/
R.L. Kautz, F.L. Lloyd, Appl. Phys. Lett. 51, 2043, (1987).

e 1987: Comparison between two single junctions: AV /V < 3x107%°
A.K. Jain, J.E. Lukens, J.S. Tsai, Phys. Rev. Lett. 58, 1165, (1987).

* 2001: Comparison between two 0.6V SINIS arrays: AV /V < 1.2 x1071/
LY. Krasnopolin, R. Behr, J. Niemeyer, Supercond. Sci. Technol. 15, 1034, (2001).

Josephson basics



Josephson effect @PTB

RCSJ model (Stewart and McCumber) to describe a resistively and capacitive

shunted Josephson junction

McCumber Parameter:

2e 1
,BC:F-IC-Rf-C Q(D Ut) IR —C l. sin Ag

By applying a undulated voltage V (t) =V +V cos(at)steps of constant voltage

develop at which all current is carried by cooper pairs (Shapiro steps)

V.=n-f,-K, (n=0,%£1+2,..)

Josephson basics 5



Josephson effect @PTB

Bc>>1 — R & C very high (underdamped) — hysteretic behavior (SIS)

Bc=1 —small C & R (overdamped) — no hysteretic behavior (SNS)
underdamped junction overdamped junction
Q Q
o) <)
g g
S S
) f§"=+5 o
o = )
= == =
g n=-5 ::-: g
7 f=3f,

Current

Josephson basics



Motivation @PTB

Typical uncertainty of a Josephson voltage standard
« atDC (i.e. at 10 mHz) is 10101l

« Typical uncertainty of an AC standard is in the range of 10/

 How to make an AC voltage standard?

V=MNTf @,

Josephson basics !



PJVS and JAWS: principle

EPB

AC-Programmable Josephson
\Voltage Standard

Josephson Arbitrary
Waveform Synthesizer

70 GHz Vao(t) = M

‘N @, f 15 GHz

Load

M(t)

number Josephson junctions

fol)

pulse operation

|| R
T

1,2 Jfr
€ 00 .
£
&
(]
-1,2 -4 T T T
2 4 6 8
time / ms

pulse repetition frequency

amplitude / mV

T T T T
0.2 0.4 0.6 0.8 1.0
time / ms
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Frequency modulation? V=nf @, @PTB

AN
W RCSJ — model for JJ

* (Continuous Sine Drive

[
n

| Fixed sine & pulse amplitude

— No operating margins! T— X

p—
=
T

* Pulse Drive

— Voltage still proportional to

dc Bias Current I/1,
[
N

frequency measurement
0.0 — Nearly constant margins!
-0.5F . h
- Repetition%il*equency /K, l VOltag C Ve
- time

R. Monaco, J. Appl. Phys. 68 (1990) 679
S.P. Benz and C.A. Hamilton, Appl. Phys. Lett. 68 (1996) 3171
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Pulse quantisation

EPB

A current pulse is passed
through a Josephson junction.

The junction responds by
producing a voltage pulse.

The time integral of the voltage
pulse is quantised:

detzi1

J

3
/\ imulation——
T 2 £ smu
A~
-, 17 \\
= /A
0
A
o ; // \\
> %KA}_
5! i
00 33 6IG 160 133

t/ps —_—

Josephson basics
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Pulse operation

EPB

010010010010010101010101

.||9€

(Voltage)

A

~ 2 WV/GHz

FaNyasIny

Average Voltage

 JOUUUUU

> Output voltage of the array

>ﬁ JAAAAAAAAA

Time

Fast Code generator
(10 GHz repetition
frequency)

Sequence of input pulses
determines output voltage

Quantised voltage pulses
by Josephson junctions

Increasing of the output
voltage by series array

Positive and negative
pulses for bipolar voltages

(After S. Benz et al.)

Josephson basics
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Microwave power @PTB

v A
n=+1
120 o I N 2.0 1St SNS junction of a stripline
T | * Idc y
= 1,5-
=
- .
<= 1,01
~
0,5-
0,0+— . . , ,
00 02 04 06 08 1,0

| 1/2
P /P )

max
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Microwave distribution in Junction series arrays @PTB

For arrays of underdamped and overdamped junctions
three types of striplines are in use:

Microstripline

PTB for SNS Tl Characteristic impe_dance 50

NIST, AIST, PTB, No ground connection

HYPRES for conv. SIS Difficult to match to external
waveguides

Coplanar waveguide
(CPW) e
NIST, AIST, PTB for SNS ©
VTT/MIKES for shunt. SIS

Characteristic impedance 50 Q
Large mismatch to junctions
Easy to connect to a coaxial 50 Q
cable

Space consuming (junction

stacking)
Coplanar stripline (CPS) | /‘####4#2777 /| Ground connection

IPHT for SINIS and SNS TIIIs7777/

Josephson basics 14



Microwave stripline @PTB

Nb ground plane

SI0; (&)

) [ SigNal

|
h Y

series array of junctions Si wafer

impedance of microstripline: Z~ 120w h/ (%> w*) [Q]

Josephson basics 15



Programmable 10 V array design @PTB

_—+ bhias leads

«
// dc-block HM —
\ 7 I 1ststripline
N 0 0 0 0
x125( 4+ ).~ X
' [
~ antenna o
(finline taper) 19
A E
. NS area of junctions AuPd load as part 7 B
N e (128 striplines) of the ground 9 E
R S £
| S o
Nb ground— =

/ R / v

microwave splitter 24 mm “high” potential

69 632 JJs are embedded in 128 striplines connected in parallel
Sequence — 34816/ 17408 /8704 / 4352 /2176 /1088 /544 /272/136/1/1/1/2 /4/8/17/34/68

Josephson basics 16



10 V SNS junction series array NIST @PTB

s 11| || cooperation :
T NIST : Nb,Si,.,
S M i | PTB : Design & Technology

10.17944 '~

24 28;;yA32— 36 2008 worldwide first
— T T 10V SNS @ 70 GH
6 5 4 3 2 1 0 1 2 3 4 5 6 @ 2

-25 —T T
Current/ mA

improved performance and higher yield compared to SINIS circuits

no missing JJs!

17
17
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10 V SNS junction series array - margins

EPB

Josephson basics

25
204 |10 ok
s
il All steps and segments of the
> 8 .
s ] array must have margins!
§ 10.17952 i . ‘ ' ‘ .
T = J 1x10' 7 // -
> all: 69632 1 W B Nig
i 0 A
R e 28 7/ mA32—e 3.6 N LB . ‘ : Ny,
T T ix10° N, 8704 1)s //// 4/ Ll
o 1 2 3 4 5 —— N, 4352135 /://,//// et N”
Current/ mA — o N, 2176 s / // : N1z
- | ——N,,: 10885 /}7/ %% = i
complete array © I0TH N e s /s
% F ——N,; 2725 //'// 2/ ]
> | ——Ng  136s vy — N
ofo? L Ni__ 68 o) LN
gl == A @ |
= imdpogos | /// // =
N WA
00 05 10 15 20 25 30 35 40
Current / mA
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10 V SNS junction series array - margins @PTB

Margins of the array as function
of the frequency...

Every array is an individual!

Choose a frequency which
allows adjustment with little
variation of margins!

Current width of 10 V step / mA

i i i i i L
69.6 69.8 70.0 70.2 70.4 70.6 70.8

Frequency / GHz

Josephson basics 19



Photos programmable SNS Arrays

I
=0

i |
111

i
ol

1

r

‘ ‘

:Ial‘lwl\*l £

(8 el | | el B Ll iR ke

L_‘l“\,‘wy‘l.!l" .| [\.‘.
imliml | I
LUUHLIB ML LN

e e | e | et | ‘ 14 St U

l‘l
it

3

1) ) 1 | \ |
[ Il
| ||
I | I
“ I | |




Applications @PTB

Binary arrays

Electrical
power

ADCs

Thermal converters

mpedance pridges

Pulse-driven
arrays

Amplitude / V

f

emperature/

Resistance bridges

10m

1 10 100 1k 10k 100k 1M

Frequency / Hz

Josephson basics 21



Linking ac voltage and Josephson standards

EPB

Waveform Waveform

synthesis

Frequency, Transients, Bandwidth, ...

measurement

Josephson basics
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Josephson waveform synthesizer

EPB

D/A converter

Computer-controlled current sources

-~ (=) (=) -
\Y @‘O N\ N\
I fie | Vy| 2V, 4V, 8V,
HHEEE—666E5660666¢ --- HH Load
< Output voltage >
C. A. Hamilton et al., IEEE Trans. Instrum. Meas. 44 (1995) 223
e 400 Hz, 13 binary bits
e
16 samples 64 samples 256 samples
23

Josephson basics




Risetime analysis

voltage / V

0.1

0.0 phmtie

-0.1

O
N

-0.6

-0.7

-100

0

100 200 300 400 500 600 7700 800 900

t/ ns

+0.3
+0.6
+1.0

Josephson basics
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NPL El

Effect of finite risetime

10—

—— 10 samples /
10° E —— 50 samples pra

— 250 samples
= 1000 samples

N\

2 /

>

3 10° > //

2 /// /Limit of bias]

// / electronics
I 10° ///
-3- AT Y AT L 4 411 L i
107 10 100 1000 10000

E~(16t)/(6N¢t,)~T Frequency / Hz
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Measurement Results

NPLE

National Physical Laboratory

EZP1B

Planar Multi Junction Thermal Converter with 1025 Q heater resistance

6_"""I ! L L

> L
>
3
8 AC-DC transfer difference of PMJTC §
g e '
}
I3
2 Rise time error fit (185 ns)
©
o 0,1 o -
Q
@) AC-Synthesis: 250 samples
<
0,02 Lot L e
3 10 100 1000 3000

Frequency / Hz

R. Behr et al., IEEE Trans. Instrum. Meas. 54, No.2, p. 612, April 2005

Josephson basics
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Modelling of the uncertainty contribution @PTB

Voltage / V

2,0

1,6

1,2

0,8

0,4

0,0

0,4

-0,8

-1,2

-1,6

—— transient
—— cover high
— cover low

RMS voltage
difference between
the blue and red line
4 is 108for a 1 kHz sine
wave with 250

1 samples!

20 30 40 50 60

Time/ns

70

Josephson basics
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AC synthesis / transients

15
10} 2
> 2
o 05 :
@) o
)
8 = jee=
0 5 128 samples
> 05| | —Ideal Waveform G B
— Frrdue to static transients § 1300 Hz
10} | —Errdue to varying transients 0 o o
! —*— 65Hz
15 . _ . _ . 2 1 1 ¢ 20Hz
| 1 2 . 3 -0,6 -0,4 -0,2 0,0 0,2 0,4 0,6
T|me (|JS) Isegtrim (mA)
J. Lee et al., IEEE Trans. Instrum. Meas. 58, pp.803, April 2009
28
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TC measurements @PTB

A TCP
JWS 5
control C— > J TC '< nV T I
unit [
TCM 2 I
B 30
1 1 | ; = [
JWS & O [
control I:>@ J @ J TC nv g I |
unit 7 ] = O 5 [ O  Conventional calibration ' ‘ I b
'q—, Josephson with T
C ot i bias current adjustment: 1T TTTIT [T]
Buffer o ] g <) @ 20kHz %
JWS §e) s B @100 kHz .
control C—,_> J |‘l>-I TC '<: nv 3 10 [
unit “u', ) I
c
A |
D _— = | ;
JWS - -15 g ugipa il ol A 8 U Laddii I fagadddt
control :> J I|:I>J (e nV 6 10 100 1000 10000 100000
unit <

Frequency / Hz ——»

Direct waveform synthesis:

guantum-based — but transients!

different ways to integrate current for TC

Uncertainty about 1 puV/V at 1 kHz, better for lower frequencies

Josephson basics 29
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AC Quantum Voltmeter @PTB

Synthesizer C Quantum Voltmeter Sampling
. DVM

D ol 0 o 0 s o )
Ut : Control
A ( ) unit
o O ) o )
A
\ 7 :
1
| D s P
. Nulhdetector :
| mmmmmmm—————— - - Trigger - -------- > I

1 |
e T Clock ---------- it nfied el \-----J
—

A

R. Behr et al., IEEE IM 56, pp.235-238, April 2007
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Transitions: 3458A with 10 ps aperture time Bz PIB

— _Agilent 3458A in 1-V ranw

1,2

10+

0,8

T

L kVVJvAVMWw

0,6

T

0,4r

voltage (V)

0,2r

[ —— 1-Vrange (input 1V) ) I 1
0,0 —— 1-Vrange with NPl amp (input 10mV) I‘
3 —— 100-mV range (input 10 mV x 10) 1 0,9998 . . L . L . L .
ool /e 0 20 40 60 80 100
-10 O 10 20 30 40 50 60

time (us)

time (us)

» 100-mV range shows a large ringing due to limited bandwidth
 1-V range much better to a level of 104, then slow time constant of 50-60 us

Josephson basics 82



Transitions: XA-ADC

luls

0,3

0,2

0,1

0,0

voltage (v)

-0,1

-0,2

-0,3

« faster transients are possible

T T T T
PXI 5922
B —— 1250 Hz
I 0,146 —
I 0,144
B
] 0,142
-
— —
- — 2
— — 0,140
— i ()]
(@)]
! ©
0 200 400 600 % 0,138
time (us) >

Josephson basics

LI L L B | T T T
NI PXI 5922: 4 MS/s
i 4 us 4 us i
T "
- o : : g -
T S
| ugu'l . o i
1 ! °
| 1
o | 1
- : : | -
: 25 us ' N
PRI PRSP PRI S SRR S (SRS S S NS S S IS S S S NS S
445 450 455 460 465 470 475 480
time (us)
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ac-QVM: differential sampling @PTB

Voltage (V)

Parameters Set-up
10
AC-Quantumvoltmeter
: |42k
5 ! LI O
: ;g
: Bias Source 3
0 : — . Fluke
: ;g Kalibrator
| Virleos Vol v, 3 Null
" : X Detector
5 Initial delay . &
! —O
10}
0.0 0.5 1.0

Time (Period)

Fluke 5720A
«  Proper synchronization
« Fast/ precise null detector => NI PXI-5922

Josephson basics 34



Comparison: JAWS versus ac-QVM @PTB

JAWS AC Quantum Voltmeter
X X PJVS
PPG |:> )é TV(t) g control
? : X {f—o— X unit
Compensation ] =
Sampler 3
Trigger .
Keithley 3350A
Clock

1,0

1 » ac-QVM tested for
measurements at 108 level

o
ol

Jinni Lee, CPEM 2014

Voltage (V)
' o
o

o
ol

R. Behr et al., Metrologia 2015

0,0 0,5 1,0
Time (Period)
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Josephson bridges for Inpedance measurements &2 PIHB

+ quantum-based

+ automated S M | KES

+ free amplitude + phase setting + DCto 10 kHz

+
-

(10™)

R, -R,)/R,

-2.60

-2.65

270k ]

275F

an T T A Ratio Bridge
: : B 2T Josephson

-2.80

Josephson basics 36
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PIB

Josephson Arbitrary Waveform Synthesizer
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Motivation EPIB

Increasing demand for high-precision AC voltages

(basis : Josephson effect)

!

» AC voltage sources with quantum-accuracy
» synthesis of arbitrary waveforms
» precise audio-, HF- and noise-references

» large frequency-bandwidth : DC....MHz



PIVS and JAWS tbasic principle FEP[B

AC-Programmable Josephson
\Voltage Standard

Josephson Arbitrary
Waveform Synthesizer

70 GHz Vac®) =M -N-@,-f |[lXeIb:

pulse operation
f L LI
iMa) ) T

number Josephson junctions

pulse repetition frequency

1,2 124
Tﬁl I\ /\ /
H > 44
> J L E 1 ‘\ Ii \\ I'
= J J
£ 00 L 2 ° \ 7 \ 7
2 r g 1 \ i/ 3 !
% Y  §
R \/ \/
LL_,f i
‘1 .2 T T T T T T
2 8 0.0 0.2 0.8 1.0
time / ms time / ms




" [Principle of pulseimode operation  FEP|B

Idea : R. Monaco, J. Appl. Phys. 68 (1990) 679
first realization @ NIST : S.P. Benz and C.A. Hamilton, Appl. Phys. Lett. 68 (1996) 3171

a current pulse ( pulse repetition frequency f, ) transfers N flux-quanta @, = h/2e
through a Josephson junction (number of junctions M).

pulse repet. freq. f, = const. pulse repet. freq. f, # const.
Josephson-equation : Josephson-equation in pulse-mode :

A
=)

&
o

DC-voltage

&
=)

0
2

1. Shapiro step

AC-voltage
arbitrary waveform

voltage / mV

-
(3]
| |

'

-

o
1l

s
o

4
=)

''''''''''''''''''''''
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1 1.2 1.3 1.4

pulse amplitude / V




JAWS : practical realizatior

PIB

computer

pulse-pattern-
generator
(PPG)

SNS JAWS chip |-
@LHe:42K | .

spectrum
analyzer

V) =M -N-@, - (1)

arbitrary waveform

Ay

¢ ZA modulatlon

f,(t)...pulse repet. " |||| """"""""""" " || 0
frequency 1

l current pulses

l array output

/\/

guantized waveform




Increasing output voltage towards 1v P13

Josephson-equation in pulse-mode :

Vac(t) =M - N - @ - 1(t)

status quo @ PTB :

» maximum clock frequency (= maximum f): f ., = 15 GHz

» maximum 2 x arrays @ 1 chip

Target 1 V - increase the number M of “active” junctions :

» more junctions per array : triple-stacked junctions : technology

> up to 8 x arrays in series (@ 4 chips) . experimental setup

Virus ® 1000 mV : about 60 000 junctions (A, = 0.80)
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Design : example wafer - layout  FEP[B

Al

m—-&—-xg%g“

23|

\

3inch Si - wafer

JRWS 28

@ wafer

00 oo
=
o o
00 3¢
= Tor o
F
R 550 oo W
-
L
T X

: Z
|
P = = — 3 > //
BHECHEEEEEEE | BEECEEEEEEEE | BHECEBREEUUER | HEOOEEEREEE
slelsilzlalslelsialal I Mxisisie iz cisizie il B Mkl sIaIixx s ieklxlx /
! ' i o - = = 5
S5 2 j ] — /
] " ! @ | 4 | - Il -

)

el . Chip-SiZG :

10 mm x 10 mm

g
[
|

&

2 JAWS arrays @ chip

coplanar waveguide CPW with on-chip LCR-filter
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~ Design : SNS series arrays

BP1B

2 arrays @ chip : —
- coplanar waveguide (CPW)
- CPW : 50 Ohm-taper

- Load : 50 Ohm

- SNS-type junctions

- on-chip LCR-filter

Josephson-junctions

\ sl
nmmw T mnnunmmmmm i Iﬂm(ﬁi]ﬁlﬂﬂlffiﬁi:

\f ;;;;;;;;

1 ground

T s

T

-

7 ///l//l//l///l///l//l///l///l///l//l//l//

-
_

//////////////

7))

up to 9000 junctions per array ;«

[

filter

Z
%%%?Josephsonjuncﬁons CPW-taper

_
_
_
_

,%%%7

BIELER : 1////
O ////

/////

‘/

'/////’-.; //////

////
////

c

- ;4

» broadband (f, #constant)

» optimal pulse propagation %

» low damping .
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* class : 1000/ 100 (FS 209 D)
- area : 800 m?

« air change : 200/ h

* air speed : 0.2...0.3 m/s
 temperature : 20...23 °C

* temperature stability : 0.1 K

* relative humidity : 45...55 %
e over pressure : 6 Pa
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UNIVEX'480C = Cluster - Sputter - system FEP[B

Nb, Si, , parameter for

70 GHz and 15 GHz

Nb, Si, AuPd,
HfTi, Al, ALO,

2 parameter to optimize :
JAWS : x = 20%, d,;,si ®* 30 nm @ 15 GHz

15



Nb,Si,, : co-sputter !

adjustable
dlstance & angle

Ar

} vacuum
gas pump
Si-wafer

'I'

rotation

parameter adjustable in a

wide range nearly independendly !



BNIVEXEI T 388lifce optimization FEPTB

junctions : double stacked

200 000 junctions :
4 defect only

4

junction - yield :
99.998 %

deviation from
mean value :
current density distribution @ wafer-surface : 7.3 %

17



UNIVEXEiseuree optimization  FEP[B

junctions : triple stacked

30 circuits
measured (from 40)

228 000 junctions :
9 defect only

4

deviation from
mean value :
current density distribution @ wafer-surface : 4.6 %

junction - yield :
99.996 %

18



SUSISIEITstacked junctions FEPTB

2 x 29 nm Nb,Si, & VL —
e R TTEY!

A
1 163 nm Nb

i 2100 ' 400 ' 6.00 ' 800 ' 10.00 12.00
'} J[[Fse: 99250 | Cps: 1133 | LSec: 6 | Prst: 600L | Kev: 0.52 | Cnt: 460 | 13:24:04 | 04-18-2012

310 nm SiO,

I Elem Scale ImgOvly Print_ OK Help

FFT-NbSI

-—-——-——————_——-—-——_———-———_———_

crystalline s amorphous g | R S T chamel =

e v & 2'00 400 6.00 800 1000 ° 1200 14.00 16.00 16.00
__J Q|Fsc: 99090  Cps: 1159 LSec: 4194  Prst: 600L | Kev: 0.52 Cnt: 0 13:19:09 | 04-18-2012




N N N triple ed junctions PTB

TEM 150 nm

L} H
NbXSI1_X 8 layers
In situ

.lQ deposition
. &

epoxy

ALO, S
B .

UNIVEX 450C - system

!

homogeneous & reproducible

deposition conditions

‘B 3 Xxjunction number

!

3 X output voltage

(for a given design)




o IEEEbricaiion oo BEPTB

> deposition :

* UNIVEX
* PECVD

> lithography :

* ebeam system
* optical mask aligner
* spinner, hotplates

> pattering :

* |CP RIE
e HF-solution

> diagnosis :

* reflection spectroscopy:
 contact profilometer
* prober system

* light microscopes

* SEM

* TEM

> other :

» wafer cleaning systems
« wafer dicing systems
* chip bonding systems

: Al,O5, Nb, Nb,Si,_,, AuPd
: Sio,

> array structures
: contact pads
: ebeam-/ photo-resists

: Nb, Nb,Si,,, SiO,
: SiO, (pads)

layer thickness

layer thickness clean-room building is

: resistance

defects

EJJ-size, edge quality One Of the

. layer structure

major facilities of PTB

hosted by department 2.4 : quantum electronics
21




l _ication steps 2 P|B

1. Josephson junction

AlLO,
Si + therm. SiO,

resist 4. Wiring

= N = N\

steep sidewall :

ICP-RIE

2. Base

NN

3. Insulation and Via

SRS [ESE

NN

5. Load : AuPd resistors by lift-off 6. Pads : remove SiO, by wet-etching

5 x deposition, 5 x etching, 5 x e-beam, 1 x lift off, 1 x opt. lithography

11 layer process : very good yield !




2 x 6000 JJ : double-stacked
JJ-size : 40umx110pm

—
Date :2 May 2013 PTB

Time :10:49:54

on-chip LP-filter
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* [sewpi2anaysinseries @ 1 chip  FEPIB

supercond. wire
PC control : LabView

ZA-Code

Spectrum Analyzer
PXI 5922

Sympuls PPG : ) : -y
_ternary pulses : -1/ 0/ +1 ure” spectra, if optimized :

- 2 output channels - 2A-codes

- max. clock-frequency : 15 GHz - Expeorllgqerclltil SetUrI?
- max. code-memory : 256 Mbit - broaaband Josepnson arrays

2 JAWS systems operational @ PTB

AC-coupling technique: S. P. Benz, et al., IEEE Trans. Appl. Supercond. 11, March 2001 25



" EepREETaseTes @ 4 chips FEPTB

presented @ ASC 2014 AX-Code

Sympuls 8-channel PPG G 00100‘-101|

T 1T 1T 11 o

' | 8x

supercond. wire

lunctions : Sympuls PPG :

chip 1 : 18 000 Spectrum Analyzer - 8 output channels

chip 2 : 18 000 PXI 5922 - ternary pulses : -1/0/+1

chip 3 : 15 000 - max. clock-frequency : 15 GHz

chip 4 : 12 000 - max. code-memory : 256 Mbit
- bit multiply-function

cf. : Kieler et al., IEEE Trans. Appl. Superc. 2015



JAWS  Optimization of chip-carrier FEPT

RO3006-Carrier

» Chips size : 10 mm x 10 mm » optimized HF-CPW leads » parallel-operation of 4 carriers
» 2 HF-CPW and > 40 LF leads » optimum PCB material » no back-plate necessary
> PCB : FR4 (simulations 2.22 K. Kuhlmann) (operation in cryocooler ?)

new carriers
In operation
successfully




JAWS : example of a cryoprobe

PIB

cryoprobe parameter :

» dc-blocks in probe head
(ac-coupling)

» broadband (> 18 GHz)

» shielded

» floating

» length : about 1 m

.4

,pure” spectra, if
experimental setup
IS optimized !

F|[F]
iF

shielding box

DC-block

tube

semi rigid cable

adapter

SMA pcb launcher

cryoperm-shield

9|qI |IPJIXPOD ¢ |

chip
carrier

JAWS : 5 cryoprobes available

28



" DAWSTeryocooleroperation () FEPIB

» spectra up to voltages of = 200 mV,, with 4 000 junctions

»> temperature range : 4.2 Kto 5.6 K Optistat
Sympuls PPG
S 1 _— g ” =lAlg ‘ —— JAWS - noise I
_ 604 A % 80 —— noise
o, g clock : 15 GHz
aEJ 80 ‘ §.1sn h,, l, - &,.m s el 4000 junctions
E -1 00—. frequency (kHz)
'd_J -120—, -107 dBc | (3.75 kHz, 70.2 mVRMS
S -140-
S .160- L
-180
frequency (kHz)
- 1 4
®
E 59 1 199 mV,_, / |
q’ o INSTRUMENTS
8 .
o 100 —~—
> 00 0.5 1.0 1.5 2.0

time (ms) AIST? :

_ ) 2.6 mV,, with 100 junctions,
successful operation of JAWS in cryocooler SNR -80 dBc

2Urano et al., SUST 22, Oct. 2009
cf.: Kieler et al., W. Journal Cond. Matter Physics 3, Nov. 2013 29




~ JAWS : cryocooler operation (1)

PIB

» JAWS-system . - fully operational
-2 array @ 1 chip : 2 x 100 mVyys
- pure spectra and noise floor

» cryocooler . - made by TransMIT

- pulse-tube
- optimized thermal and electrical coupling

» EMRP ,,AIM-QuUTE" : - impedance-bridge measurements

404 [1.0kHz 100 mV_ | | —— JAWS Array 2
) [}
-60 - clock : 15 GHz
i 7 500 triple stacked junctions
£ -80 ZA-code amplitude 60.79 %
11 - 123 dBc| T o stage © 3-7K
o 00| [[-123 dBc]
~ .
L S
q;) -120—- 2 X 100 mVRMS
0o PXI 5922 non-linearities
o -140

3 3
[_\\

0 10 20

30 40

frequency / kHz




(1)

PIB

1

o
=
=
N

Trigger | Agilent 335008 -4

b%

bl ClOCK M
e —— =
Voltcraft: Clock
12v , ) ./ » 12v

Voltcraft : Picosecond 5882

8v T/.—./, 5v

| Agilent 335008 -3
| Agilent 335008 -2
L
6
L—_—Ij PXI
Agilent 335008 -1 ®
o
d ? Bty =3
L PPG3
=1 1 23 4567 8
UsSB-PC
e 00000 ee | gl
[ ADA400A
1 Power 5882 I
v
ey
8xIV-Box MD03012 USB - PC
123 456 7 8 o — —
®e ® ® ® O out
Sweep ‘ AFG out
L 4 \ [ |tPaBNC
=

UsSB-PC

-

cf. : Kieler et al., IEEE Trans. Appl. Superc. 2015
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setup : JAWS 1V system (1) EPB

—— Sympuls BPG 30G-TERx8

5

8-channel PPG

e s s . il | . e

8-chann cryoprobe

compensation:

& [ellallsllels s E-
"y
|

¥ 4 x 2-channel waveform synthesizer )

| features : |
* pulse . 8 semi-rigid HF-cable
* voltage . 1...4 coaxial cable
e compensation : 8 coaxial cable
e series arrays . 7 superconducting cable

/32



pUise’oae s medulation ) FEPIB

7 7 A
¥
TP OF o8

| FFT of ADC output |

AC Voltége ‘peak
guantisation noise |

_ <200 dB )y AT
< DAC ,‘— frequency / Hz
1 MHz
1.
ZAnd-moduIatortopology ) modulator output : v(z)=STF -u(z) + NTF -e(z)
#2" order modulator :
~Cascade of integrators signal-transfer function : STF=| 2% 2+ (o, = 203) 2+ (b5 + b0y~ Crby + Clczbl)}
“eedback form | 2P +(Ca,—2) 2+ (1+ 60y — Cydy +CiCoay)
Adelays included - 2 sy
L2 .. . P _ - 1+c9,)
~optimized COEffICI(?ntS a/b/c/92 - noise-transfer function : NTF (6 2) 2+ (o0 C_I_Czal):l
» NTF(f) =1 , i.e. no voltage error by code itself
» maximum theoretical SNR = -123 dBc ]
> calculated|SNR,,,.., = -115...-119 dBc|(sinc’ - filter) code stored In
'R. Schreier, G. Temes, IEEE Press, J.-Wiley and Sons, Inc., New Jersey, 2005 mMmemo l‘y Of P PG
* Matlab® : The MathWorks, Inc., Delta-Sigma Toolbox

33



pulse=code - SAmodulation (1)  FEPIB

/—l\/ fsignal = Teode X Teiock / Lppc ‘
CIFB-topology : 2. order

‘ élloltage peak
tisation noise |

[ efloqr

YA-code : transmission to PPG ! |

aliiiig A R T il ili Ll Lol i i [
1¢* 10° 10° 10’ 10° 10’ 10"

< _200 d B frequency / Hz

'R. Schreier, G. Temes, IEEE Press, J.-Wiley and Sons, Inc., New Jersey, 2
? Matlab® : The MathWorks, Inc., Delta-Sigma Toolbox
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PIB

current-votlage-characteristic vs. frequency (power adjusted)

— jaws7_4_C2o, | =1.3 mA, D-probe, ext. 5-meander - 2990 JJ

10,00

20,00

30,00

40,00

50,00

//,774

reduced shapiro step



jaws3 2 A3: 128 junctions, 1,5 x 1,5 um’

-110,0
-105,0
-100,0

(3K
=
. _95'00

-90,00

-85,00
I -80,00

-75,00

-70,00

-65,00
-60,00
-55,00

-50,00
B
-40,00

clock : 5 GHz
attenuator : 13 dB
esistance : 3,2 Q

frequency / kHz

higher
harmonics

0,4 | 0,6 | 0,8 | 1,0 | 1.2 1,4
ppg voltage / V
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EPIB

» spectra up to voltages of 502 mV,, with 9 000 junctions

-40 —
604 } [3.75kHz, 178 mV__ ——JAWS |
g '80__ clock : 15 GHz
T -100- b 9 000 triple stacked junctions
~ J Lo el ZA - code amplitude 90 %
= -120-
G;J J PXI 5922 non-linearity 1
-140 -
(o) . A//
o -160- v |
-180 . . ;
0 10 20 30 40 50
frequency / kHz
300
> 2997 —
~ ]
Q 0 502 mV
g - PP
S 150 \/
O
> -300 - . . l - l -
0.0 0.5 . 1.0 1.5 2.0
time / ms

1S. P. Benz, et al. IEEE Trans. Appl. Supercond. 17, 2007



e1chic [RPIB

» spectra up to voltages of 1005 mV, with 18 000 junctions
E 0 ] [ clock : 15 GHz
M -60- 3.75 kHz. 355 mV 18 000 triple stacked junctions
S 80 ' ’ S 2 arrays in series
] ~A-code amplitude 90 %
g 1004 -121 dBc
= .
= '120'_ PXI 5922 non-linearity’
Q. -140- %\
€ 160 1 |
< .
180 : : ; : : . - .
0 10 20 30 40 50
Frequency (kHz)
—— |
E 400- 4 /\
~ 200
% 0 1005 mV__
(M -200-
=
O -400 -
> 1 I ’ T T T
0.0 0.5 1.0 1.5 2.0

Time (ms)

1S. P. Benz, et al. IEEE Trans. Appl. Supercond. 17, 2007 40



@4chis EEPIB

» spectra up to voltages of 1.0 Vg5 (2.8 V) with 63 000 junctions

-20

£ -40 clock: 15 GHz
[ 250 Hz, 1.000V_ 8 arrays: 63 000 JJ
~ 80 @ ZA - code amplitudes 72.3715%
% s -121 dBc¢c current margins : 300 pA
B -
= 120
Q- 140
£
< -160

-180

0 5 10 15 20 25 30 35 40 45 50
Frequency / kHz

WANAWA
AVAAVARN

Time / ms

Voltage / mV

20

41



characterization AD-converter (e.g. ,single-shot")

» non-continuous waveform : cosines with ,pause‘- time

%0 frequency / kHz

-60

-80
-100
-120
-140
-160
-180

— JAWS
noise
theory

clock : 15 GHz
12000 junctlons

power / dBm

0 90

" 100

JAWS :
most suitable

X : 10 mV/div
Y : 50 ps/div

. ﬂ/ ;/\
== 1

-20-

voltage / mV

-40

05 10 15 200 25 3.0
time / ms »pause” - time

0.0

42



PIB

» damped waveforms : sinus, 5 periods, damping -3 dB

a0 — JAWS
= 80 1"~ 2.34375 kHz u— naise
m -100 - clock : 15 GHz
3 120 12 000 junctions
= |
@ -140-
% 160 -
Q

-180

0 10 | 20 | 30 40 50
frequency / kHz

s 9 2.1333 ms
= 40- J
it A N N\
A ANV ~__ ANV ~_
S - LY B N
= -20-
S .40:

-60 i I X I 1 L I L 1 v 1 L) 1 ¥ 1 ¥ I

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
time / ms 43



PIB

> ,,half“- waveform : sinus ——— 3 undistinguishable in spectrum

power / dBm

voltage / mV

-40
-60
-80
-100
-120
-140
-160
-180

80
60
40
20
0
-20
-40
-60
-80

half-sine wave : 4 Arrays : 22 000 JJ .

positive
YA - code amplitude 10%

W VSTUU TRV v Ul RV UENLT VY LSRN e NipuR UT eI T Sy i Voo e TouSpap

0

10 15 20 25 30 35 40 45 50
frequency / kHz

; “ 136 mv
PP

] -

L 10.533 ms = 1.875 kHz | /
- \\/ .

v

T
0.0 0.1

F*t*L 0K "1l *"L° T0L*~"1 ™" ] |
02 03 04 05 06 07 08 09 10 11 12

T T T 7
13 14 15 16

time / ms
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PIB

2 X 2 -tone Waveform
80 - —— JAWS
| noise
21004
e _
m -120-
v i
§ ] A f =154 kHz
S -160- In ol
-1802WM
0 25 50 75 100 125 150 175 200 225 250 275 300
frequency / kHz
S 3 -
E fg Af, = 7kHz ‘ ‘
2 0_- i My Loty T T M L I “’ (W [N ‘Hl h Jl \
g 0 'p u A u o=y ['
S 201
03 100 200 300 400 500

time / us




PIB

power / dBm

voltage / mV

300-tone Waveform up to 1.125 MHz

time / ms

-804 —— JAWS
- application : e
s characterization
120] 1300 tones, A f=3.75 kHz| | Oof AC-devices
140
160
-180 1 T T T T T T T T T
0 250 500 750 1000 1250 1500
frequency / kHz
4
o 10 20 30 40 50 60 70 80 90

46



special waveforms (VI) EPIB

common waveform : triangle

%071 triangle waveform —— JAWS |
80 -
€ _100.
E 100
9 120
® _140.
g -140-
S _160-
180
0 25 50 75 100 125 150 175 200 225 250 275 300
frequency / kHz
. 80
60 - A
E 40 /\
= 20
o 0 3.75 kHz 141.4 mV
s 204/ oy, \ 2\
S -0
> '60-_ '
'80 T T

0 100 200 300 400 500 600 700 800 900 1000
time / ps



voltage / mV

400

300 -
200 -

100 -

-100 -
-200 -

=097 4c minus : 372.6 mv

-400

dc waveforms

dc plus : 371.9 mV

dc : 372.2 mV I

20 40

time / ms

EPIB
+ 1. SSI:

dc plus
dc minus

clock : 15 GHz
12 000 junctions

-1.SSI:




S possible! PTB

M. _\)itrary time domain

0.2 4

ECG of Normal Sinus Rhythm
|

0.1+

heartbeat

0.0

-0.1

voltage / mV

-0.2 4

0.3

>
£
—
o
o)
o
=
o
>

-0.4

(G a merva
T T T T+ 1 T

. —
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
time / ms

B arbitrary frequency domain

-70

time / ms

-80 ] -90

90 -100 -

] 110
-120 |
130

-140

£
1]
]
-~
S
o
3
o
Q

-150 -

voltage / dBm

=160

-170

-180

100 150 -190

0 100 200 300 400 500
frequency / kHz

frequency / kHz 49



10°] /\ 2 Hz, 40mV,__

o3 frequency range :

10‘-2 /@| DC, 2 HZ 1 MHZ

RMS voltage / V
=)

10°- T ——
1 10 100 1000

frequency / Hz

-60
80| 1.00125 MHz, 20 mV._, _

— JAWS - noise]

-100 -

-120

power / dB

-140

4“]u-ni-npiIiu-qul-ullnillnuiuluiﬂllq

0 500 1000 1500 2000 2500
frequency / kHz 50
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)

PIB

guasi unlimited stabil operation margins !

pure spectra
for >5h

without any
new adjustments

-100

-120

-140

power / dBm

-160

-180

precondition
for any
application !

52



JAWS : high time stability ()

PIB

RMS-voltage shows negligible slope vs. time !

voltage /mV__

slope : 11 fV /20 min

750 Hz bipolar sinus Voltage I

08996 —7T——F——7F T — T -

E 0,8987 [l ;
0’8992 i goasas—
0,8988 |- /
0,8984 -

measured with _

—=— RMS voltage
PX15922 | —-—floating average I

0,8980 1 | 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 | 1

0 2 4 6 8 10 12 14 16 18
time / min

20

53



direct comparison {9AWS vs. Jaws () FEPIB

comparison : 10 000 junctions vs. 10 000 junctions

compensation 1 & 2 |—>
F F

5000 JJ
PPG 1 | chip
5000 JJ

F F
v __[Pxi 5922
phase shifter| supercond. wire——| @ 4.2 K 1 or
DSP 7265

F F

5000 JJ
—» PPG 2| chip
5000 JJ

F
compensation 3 & 4 |—>

54



direct comparison { JAWS vs. Jaws () FEPTB

if only one array -60
switched on 80 Ay 2

PX15922 :

voltage / dBm
>

voltage difference

already only 0 10 20 30 40 50
frequency / kHz
93 NVius
15
1 Array 1

> 10 Array 2
E 5 | Array 1 minus 2
~ __ connected @ 4.2 K
o
(@] 0 d
o I
> -10 _-

-15 | r

100 200 300 400 500 600 700 800

time / ps

55



_s. JAWS (l11) PTB

both arrays
switched on

PXI 5922 .
voltage difference
below noise floor

Amplitude (dBm)

"o | 10 | 20 | 30 | 40 | 50
Frequency (kHz)

<9 NVgys

10

o

Voltage (mV)

300 400 600 800

Time (us)

500

cancellation of waveform, when both arrays are switched on
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direct comparison £ IAWS vs. Jaws (v) FEPTB

difference voltage (measured with lock-in amp.)

1x10”

measurement time < 4min ;
agreement (1.8 £ 2.0) x 108

(91
X
-_—
S
co
]

Il direct comparison :

'l 2 x 10 000 Junctions @ 22 mV,, . and 1875 Hz
“1x10” — T T T T T " T T T T T T T T T
0 25 50 75 100 125 150 175 200

time /s
high precision of JAWS !

voltage / V

cf.: Kieler et al., IEEE Trans. Appl. Supercond. 23, June 2013
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fifect comparsontoAWS vs. pvs () FEPTB

JAWS AC Quantum Voltmeter
PJWS
[ PPG |:> control
_ unit
Compensation |: .
i1 . Sampler -«
Trigger - >
Clock
» problem :
no second 1V-JAWS available
» solution :

PJVS demonstrated : 2 x 108
(J. Lee, CPEM 2014)



direct comparison { JAWS vs. Pavs (1) FEP[B

1 array with small but stable operation margins !

2 [ - 1 - . 1 T T i/
| [—=— Array 8 directly with PXI i
—a— Array 8 differentially with ac-QVM j
—m— Array for comparison
1F
2
N 0 = e
) 5
ﬁ [ oe a e 1
Al margins : 80 YA
3 41 - more than sufficient !
_2 I N .5/7/. 1t . 1 L. P I
-150 -100 -50 0] 50 100 150

Compensation Current (LA)

» “weak” array is quantized
» all other arrays with bigger margins
» measurement resolution : PJVS > PX15922

59



direet Comparison L 9AWS vs. Pavs () FEP[B

deviation JAWS-PJVS vs. frequency

0.2

© (| © 4MsSis I limitof f__ / PPG

o . D 10 MS/S cloc memory

H 3

= i |
=
S 0.1 -+
> ¥§§§
(&) -
CG o}
> °
1 % g
%) o : § ) o
= 5 .
i 0.0 T ?

> § &

0.1 R A B A R
10 100 1000

Frequency (Hz)
» new PPG : f <60 Hz possible

» good results : f<1kHz!

» toinvestigate: f > 1 kHz 60




difect Comparison s 9AWS vs. Pavs (v) FEP[B

_deviation JAWS-PJVS @ 250 Hz

60 |
40 |
20 F

0

AV [ nV

20f
a0l
60 | very good result !

-80

0 2 4 6 8 10 12 14 16
Measurement Number

Viaws =V ac.owm = +3.5 NV £ 12 nV

cf.: Behr et al., Metrologia 2015
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PIB

>

>

AC-DC thermo-converter Fluke 792A v

characterization of NPL broadband-amplifier v’

> characterization of fast analog-digital-converter NI-PXI 5922 v/ J—|+ ‘

power / dBm

-120
Pl evaluation of frequency response

-140 -
e \300 tones, A f=1.20 kHz\

In a single-shot measurement

‘ | \
70 I L
I
-180 i bk s i e -
100 200 300
frequency / kHz

500

spezification : PX| 5922

o
e

|
)

Amplitude (dB)

\

\

10k 20k 30k 40k 50k
Frequency (Hz)

&

5

o

100 kS/s Frequency Response @




characterization NI-PXI 5922 EPIB

from specification : PXI| 5922

@ 01
g S
\
-0.1 \
@ Zoom N
= "0 10 k 20 k 30 k 40 k 50 k
o Frequency (Hz)
~ Al2 = 0.2 dBm |
'q_, -153.5 100 kS/s Frequency Response
e - i
O -154.0-
Q -
-154.5 4
'1 550 T T T T ' ! |
2000 kS/s 10 20 30 40 50
frequency / kHz

JAWS : 300-tone waveform
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plifier

PIB

gain and frequency response

power / dBm

a) waveform with amplifier : 441 mV

404 o WE —+— JAWS + amplifier
2990 junctions | FolSE
-604
-100 dBc
-80 -
-100 1
1.25 kHz, 441 mV,,

frequency / kHz

normalized amplitude

b) gain and bandwidth of amplifier :

1.05 ;
amplifier gain : (100.90 + 0.05) @ 1kHz|
100+ == T, m___“\\
0.95 \\
\
0.90
0.85 — = — PXI 5922 - 300 tones waveform
—+— PXI 5922 - single tone waveform
—+— Fluke 792A - single tone waveform
0.80 —1 S ——— —
1 10 100

frequency / kHz

JAWS : sine and 300-tone waveforms
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PIB

ac-dc difference vs. frequency

AC-DC difference / pyV/V

o0

700 |
600 |
500 |
400 |
300 |
200 |
100 |

-100
-200
-300 t—

= Fluke 792A without LPF (corrected) .
e Fluke 792A with LPF (corrected)

1 1

frequency / kHz

JAWS : sine waveform
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PIVS + JAWS : principle (I

PIB

AC-Programmable Josephson
\Voltage Standard

Josephson Arbitrary
Waveform Synthesizer

Vac®) =M - N @ - f

L- M(t)

number Josephson junctions

pulse operation

| LTI

(1)

pulse repetition frequency

!

- transients limit accuracy
- spectra contain many harmonics

[+ 1V and 10V

+ high accuracy

+ pure spectra ]

PJVS + JAWS : high output voltage and pure spectra ?!
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e (Il

power / dBm

amplitude / V

stepwise-signal !

i

AC-Programmable Josephson
\Voltage Standard

1,2

A

_I_._JE

-804

41204

0 1 2 3 4
frequency / kHz

amplitude / mV

0.0 0.2 0.4 0.6 0.8 1.0

-80

power / dBm

-160

-200

Josephson Arbitrary
Waveform Synthesizer

-8 \/ \/
124

-120

time / ms

-112 dBc

T
0 4 8 12 16

frequency / kHz

PIB
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° PIVSHIAWS fprinciple (1) FEPIB

JAWS ,,completes” PJVS to SINUS PJVS+JAWS = SINUS

60

50 - 50 4
40 -

l

30 H 30-

20 20—-

> ]
E = E - .
= 0 =~ 0- AAAAA A 4= .‘r\l\l\'\ AN NN A AAAAA /
8) ] o Wy yrre ANNNY \l\l\l““" TEYYYYEYY
o 104 O 4.
= 1 3 |
g -20—_ O 204
'30*_ - 30 4
-40-. 40
.50_- -50—-
b ' ' ' ' ' ' ! ' ' ' ' ' ; 60 - T T T T T T T T T T T T T
Lo L 14 15 16 w 18 12 13 14 15 16 17 18
time / ms time / ms

L combination : large voltage PJVS and pure spectrum JAWS !

idea : PTB-patent, Kahmann et al., 2006
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PJVS + JAWS : setup () EPIB
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PIB
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POVSHJAWS [purespectum  FEPIB

-20
40 3 | 156.25Hz, 838.4mV,, PJVS : 8192 JJ @ 70 GHz
£ ol JAWS : 4795 JJ @ 5 GHz
g 80 |
- PJVS+JAWS :
g AN lebidbs SD-code : theretical (256 samples) + 1. iteration (4MS/s) I
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Behr et al., IEEE TRANS. INSTR. MEAS., 62(6), 2013



PIVS + JAWS : quantum stability

PIB

low noise and low drift compared to

,oest® semiconductor-based synthesizers !

0.8386 - . - . ; . - |

0.8385

PJVS+JAWS

Fluke 5700A

Time (minutes)

10
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PIB

. motivation and principle
. Circuit design

. fabrication

. setup

. waveforms

. precision

. applications

.summary

CO~NO OB WDN P
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PIB

v VvV YV ¥V VY VYV V¥V

high-quality AC-waveforms

Nb,Si, .- arrays with triple-stacked junctions
up to 8 arrays in series : 63 000 junctions
output voltage up to 1 Vgs (2.83 Vpp)

high spectral purity : SNR better than -120 dBc
high frequency range : DC, 2 Hz ... 1 MHz
arbitrary waveforms demonstrated

JAWS successfully operated in cryocooler

3 | Sympuls PPG

Optistat
PTR-TL4

power / dB

RMS voltage / V

2 Hz




PIB

vV VW V¥

A\

high-quality AC-waveforms

3 JAWS systems operational :

« JAWS 1:1 Vpys

«  JAWS 2: 2 x 100 mVgys

«  JAWS 3:PJVS + JAWS : 1.18 V with SNR -125 dBe

high time stability : low noise and no drift

first applications : e.g. characterization of HF devices

direct comparison JAWS - JAWS : (1.8 £2.0) x 10® @ 3750 Hz

direct comparison JAWS - PJVS : (3.5+11.7) x 10° @ 250 Hz

I
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Outline @PTB

* Introduction

« Verification of guantisation

« DC Applications

* AC characterization of ADCs
* Power standard at PTB

« Other power standards



Motivation @PTB

Binary arrays

PJVS

Electrical power
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AC Metrology with JVS
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Programmable Josephson Voltage
Standards

EPB

1111

1V
8192 JJs

10V
69 632 JJs

=y

39 mm



Intercomparison JVS @PTB

Programmable Conventional
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o :@ o 3] 7

Null detector
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Voltage
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10 V programmable Josephson Arrays @PTB
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Intercomparison JVS @PTB

Programmable

_rr ,
Control
unit :>
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Control
unit
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Automated Joseg[]igrl/mterCOmpa“SO” BEPIB

automated SINIS - SINIS comparison @ 10 V 2007

8 — 1 r I1r - 1T - 1 + T - 1T *r T T 1
2476 polarity reversals
AU =47 pV + 25 pV
41 -
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° o ® o.'. ® og0°® . ® . ° .
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L. Palafox et al, IEEE Tr. Instrum. Meas., vol.58, No.4, Apr. 2009



Intercomparison JVS @PTB
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Control
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10 V programmable Josephson Arrays

.5 | |1 nviv
_ g I
Z:' 0—— HHEFH #Emﬂ H%H‘h J %ﬁ m
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Bias current (mA)
J. Lee et al, Metrologia 50, 612 (2013)

4.0

EPB
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Automated Josephson DC applications at @PTB

10V
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EPB

AC Characterization of DVM/ADCs

Calibrate digitizer and then use it to measure a JAWS

PJVS Digitizer JAWS
-'I —O———O—— —_——
Control Control
unit :> J J elec?trrlorr?ics
e Qe O —_——
I — |
20 T
I 1 “1)Hz and 4 kHz
==
B 0
(®))
S
Q -10- — — mV at 500 Hz
20 30 40 50

20, 10
Time/ms —»
J. Kohlmann et al, IEEE Tr. Instrum. Meas., vol.58, No.4, Apr. 2009

B. Jeanneret et al, Metrologia.,48, Aug. 2011
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Incorporating a PJVS into a power
standard

Voltage Voltage U i @
Amplifier Transformer| —1
q o C D)

|-_'“) M .
! 2-Channel Signal
: AC Voltage U Switch
' Source T
' e e ) o—0 s i
! ampling
I ltoV uZ ‘ @ Voltmeter
: > o—o
E Josephson Control i Q U U ?
--»f  Waveform = J i @
! Synthesizer unit S — 1 =23 )
E L*— Clock

0.1 pV/V for the RMS value in 1.6 seconds @ 62.5 Hz

L. Palafox et al, IEEE Tr. Instrum. Meas., vol.58, No.4, Apr. 2009
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Incorporating a PJVS into a power

standard

Two-Channel
AC Voltage

Source

Voltage
Amplifier

Voltage

Device Under Test ~ Transformer

T

TC-based

E=PIB

rms
measurent

Signal Switch

Sampling
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|
A ¢
NspEm RS
i- 7 7/ Icr;:li-ctance | I/U-Converter
: Amplifier 1
D {1
ALl > il!&

Josephson Waveform Synthesizer

Control
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=0

Measuring sequence: U,, U,, U,

Trigger

Clock

L. Palafox et al, IEEE Tr. Instrum. Meas., vol.58, No.4, Apr. 2009

}

PC &
Software
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Incorporating a PJVS into a power
standard
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Incorporating a PJVS into a power
standard

10
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Incorporating a PJVS into a power
standard

10_'"I"'I"'I"'I'"I"'I"'I"'I"'I"'

EPB

B Measured U
——U_,,, = (1.000 000 55 + 0.18 x 10°) - U,

DVM

-1.87 uV +1.13 uV

Uy IV

2 i For each
I period

10
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Incorporating a PJVS into a power
standard

Allan Deviation (uV/V)

i
|

0.01 H

1E-3

0.016

EPB

1 3

N
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—— 19V
29V
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Measurement of RMS Value @ 6V

Deviation from 1 (uV/V)
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EPB
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Conclusions (2008) @PTB

Josephson Waveform Synthesizer successfully integrated
Into the PTB primary standard for electrical power

Uncertainty, presently 1.1 uyW / VA (k=1), dominated by
contributions from voltage and current transformers and
burden (0.87/1.1) pW / VA

In-situ calibration of sampling DVM considerably speeds up
precise measurements of rms value.

Generation of Josephson waveforms with any amplitude up
to 10 V allows matching any measurement condition

Direct traceability to unit volt

21



Conclusions (2012) @PTB

» Josephson calibration of DVM / Digitizer in “direct /
absolute sampling mode” at

" 62.5Hz 0.1 uVv/V in 1.6 seconds
= uptol.3kHz 8pVv/V In0.1seconds

= NOT limited by the PJVS!!

22



Other power standards with Josephson @PTB
= NIST
Waltrip et al. IEEE Tr. IM 58, No. 4, 1041 - 1048

* NRC
Djokic, IEEE Tr. IM 62, No. 6, 1699 - 1703

= KRISS
Kim et al. , Meas. Sci. Technol., 21 115102

23



NIST Power standard @PTB

'1 L J
BIAS [0 swe
i) IM 1]
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20 MHz  SYNC [ — _!
IM IM
T L
(a)

Waltrip et al. IEEE Tr. IM 58, No. 4, 1041 - 1048
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NIST Power standard

(b)

Fig. 1. Quantum-based power generation system. (a) Simplified diagram, including sampling DVMs operating in the differential voltage sampling mode.
(b) How a single PIVS waveform V) is used to provide reference levels for the differential sampling of the two scaled voltages Vy- and V7. The bold intervals of

V7 represent the sampling intervals of interest; the remaining sampling intervals are ignored.

Waltrip et al. IEEE Tr. IM 58, No. 4, 1041 - 1048

25



NIST Power standard @PTB
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Fig. 5. Detailed diagram of the quantum-based power generation system detailing the permuting amplifier design and component interconnection requirements.

Waltrip et al. IEEE Tr. IM 58, No. 4, 1041 - 1048
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NRC Power standard

IVD1 -10v1 IvDe

Wl

{Hi ClkTrig
[ yo— lén DVM

Djokic, IEEE Tr. IM 62, No. 6, 1699 — 1703 (2013)

EPB
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KRISS Power standard @PTB

10 MHz

v‘“* MW Source
migigh Power Meter {}
vorage PJVS Arra Bicis
onc | source ! I:I T | © Electronics
v Channel 6 ||
farm) o))
S I Channai E -5 E
— § B EQ
Current H 3=
Switching Trigger
PXI Chassis FIG PXI (ilock
Optical Interface ‘§
PC 10 MHz

Fig. 1. Schematic diagram of power calibration system based on Josephson sampling voltmeter.

Kim et al., CPEM 2014 Digest, 738-739
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NPLE

National Physical Laboratory

Instruments — top level devices used for metrology

National
Measurement
System



NPL

National Physical Laboratory

Programmable binary-divided array
configured as a DAC —for rms d_ev_ices
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NPLE

National Physical Laboratory

Programmable binary-divided array
configured as a DAC - for sampling devices
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NPLE

National Physical Laboratory

Characterisation of a voltmeter or digitizer

[ l\ i i [ ,ﬁ\ i
E x|
i

T

|
|
1
-\
|
|
|

|
|

ol o] |o '

o (b | '
| e |
|
| Jose.phson array

o | in4.2 K
| enclosure
|
|
|

bias source ~=

Henderson et al, Measurement Science & Technology, 23, 124006, 2012



NPL

National Physical Laboratory

Cable reflections — compensation method
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NPL

National Physical Laboratory

Data analysis — gain, time constant
and linearity
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NPL

National Physical Laboratory

Settling time of voltmeter
Aperture duration us
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NPLE

National Physical Laboratory

Differential non-linearity
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NPL

National Physical Laboratory

Quantum reference and a voltage source
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NPL

National Physical Laboratory

AC-Quantum voltmeter for sources employing a difference
measurement
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NPL

National Physical Laboratory

Quantum-referenced waveform synthesizer
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NPL

National Physical Laboratory

Data samples — one measurement per waveform update close
to zero crossing of voltage difference

Difference
Voltage

Bias source : H : ﬂ
new waveform pt . :
ADC delay H H

ADC sample

pulse
DAC update delay
DAC load ﬂ
pulse
Master
oscillator

Maaone! Williams et al, IET Science Measurement & Technology, 5, 163-174, 2011
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National Physical Laboratory

Josephson step flathess, measured using an RMS voltmeter

{ — 0.353580
0.707110 /
0.353570
> " /z
G
§ 0.707100 ; i 5 E«:/E“fz\LH/E\E
> /
) :i“{\zfj-ﬁ/gﬁ/ﬁ\ L-i{;\j,ﬁ—ﬁ»—i/i
=
= 0.353560
0.707090
. . . 0.353550
-0.5 0.0 0.5 1.0

Trim current, mA

Williams et al, IET Science Measurement & Technology, 5, 163-174, 2011
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National Physical Laboratory

Summary

National

What instrument is being measured?
How is the measurement defined?
How is the quantum standard realised?
What is the effect of the connections?
How is the measurement unce

Measurement

System
[



National
Measurement
System

The National Measurement System delivers world-class
measurement science & technology through these organisations

"
Mﬁ
National N P I 4 Setting standards ne
in analytical science

Measurement N .
Office National Physical Laboratory technology for life

The National Measurement System is the UK’s national infrastructure of measurement
Laboratories, which deliver world-class measurement science and technology through four
National Measurement Institutes (NMIs): LGC, NPL the National Physical Laboratory, TUV NEL

The former National Engineering Laboratory, and the National Measurement Office (NMO).



ACQ-PRO
Towards the propagation of AC Quantum Voltage Standards
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Workshop on

quantum based voltage measurements

CRYOCOOLERS IN
VOLTAGE METROLOGY"

* not only, actually

22nd/26th June 2015
PTB, Braunschweig, Germany

A. SOSSO - INRIM




Cryocoolers can be studied with different
approaches a
: formal mathematica ‘

/\

| \. J/

0[}0 %
G P N_b
s 6’En t
: DYy
(e

WE'LL FOCUS ON
PRACTICAL ISSUES

22nd/26th June 2015 ° PTB

‘Cyoocoolers in voltage metrology (A. Sosso - INRIM) 2/29




Very practical: why bother? ¢

1) relief of the cryogenics-related pain

operate with cryo-devices (Sconductive in our case)

3) increased helium cost

4) rumors: helium will be unavailable sooner or later
Drawbacks of cryocoolers limited up to now application

Table 2. Potential problems with cryocoolers.

= Reliahility

» Efficiency

» Size and weight + thermall
& Cooldown time

» Vibration

» Electromagnetic interference (EMI)

» Heal rejection

& Cosl

due to improvements, benefits are more and more
outweighing disadvantages:

i, ECIEIC.TO AC Josephson: reduced length of cables!

?

‘Cyoocoolers in voltage metrology (A. Sosso - INRIM) 3,29




‘So, what's all this cryocooler stuff anyhow?

Just a very special fridge.

Cooling can be obtained in by
1) evaporation/boling, enhanced e.qg. by vapor

pumping
2) expansion e.g. blowing a gas through an orifice

;:_ﬁ:‘f;'\se;rbg\‘ttq'ip caldo ‘ TH > TC

T AReA Q,> Q.

Thermodynamics says
we can't be 100% efficient:
extra heat is generated in the process

o Q - Q=W
‘; serbatoio freddo

. COLD AREA

Inefficiency is related to the work we
have to put into the process for

transferring heat from high to low T!
~22nd/26th june 2015 ° PTB
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The Stirling cooling cycle
90-15 K cryocoolers
(1-2) Left piston up,
heat out at high T

(2 - 3) Both piston move
(constant volume)
gas moves

to low T section

(3—4) cold piston moves
down, expansion
extracts heat in the
cold section

(4-1) Gas moves
back,cycle restarts

()

22nd/26th June 2015 ° PTB
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Joule-Kelvin(Thompson) cooler

Uses expansion through an orifice:

; 1 ; : RECUPERATIVE CYCLES i
- application to liquefiers W, ,
labl I si — SR
- scalable to small size ‘E_Tg ? s e
- rather complex thermodynamics § § s | e S
= 1.':|-|';E W"—' ; 200//‘7/ : ——77;‘
- constant pressure both sides of W s Je=t B
the orifice, but p1>p2 Pt

Fig. 12.2 Curve isoentalpiche e curva
di inversione per I'azoto. (Da un dia-
gramma T-S di F. Din, 1958.).

Fig. 125 Liguefazione di un gas per
mezzo delleffetto Joule-Kelpin.

PTB

22nd/26th June 2015 °
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Pulsed flux coolers with regenerative exchangers

Non continuous/pulsed flux -> regenrative heat exchangers as temporary “cold
storage” made with a porous material for maximum surface

@ 70-80 K — steel, bronze, phosphorus, nickel
@ downto4 K — lead spheres+ rare earths (Nd, ErNi, HoCu,, etc.)

Philips Stirling cooler

Single stage — 80 K (air liquefiers)
Two stages — downto a4K

]
|

22nd/26th June 2015 ° PTB
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Gifford-Mc Mahon Cryocoolers
Both single and multiple stages cicle requires external work = fig. 2.9
Different form Stirling gas flux from compressor is controlled by an
intake/exhaust valve — vibrations reduced
— BUT displacer piston in cooling volume
— some noise — reduced reliability

Operation:
Intake i
Compressed valve | - pressurize
PRy (intake open,
| o) displacer down)
i k Wamend || - intake
‘ o i * (intake open,
o displacer rising up)
P | espansion
’ (intake close,
Badliier exhaust slowly opening)
IV — out
(intake close, exhaust open,
displacer going down,

Regenerator
Cold end
then exahaust closed)
Two/three stages for T < 4K

\ Refrigeration

load

riw

JUIIT QaVLJ

FIG. 2.9 A single-stage version of the Gifford—-McMahon refrigerator (after McMahon 1960).
‘Cyoocoolers in voltage metrology (A. Sosso - INRIM) g/29
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pulse tube cooling

Offrono le stesse prestazioni di refrigerazione dei Stirling e G-M ma viene eliminato il
displacer e le vibrazioni associate

Le versioni piu moderne (vedi fig. 2.10) hanno il moto del gas in fase con la pressione pée

mezzo di un orifizio e di un volume di riserva che immagazzina il gas durante mezzo ciclo

e riduce le oscillazioni di pressione
Fasi:

W | - acoustic pressure wave
@ Reservoir i
! i Il - heat exchange of gas after orifice
“j gas compresso e riscaldato fluisce attraverso
T I'orifizio e scambia calore con lo scambiatore
LIS —— Caldo

Il - piston moves up -> gas espands adiabat

Piston

=0 Heat
r exchanger

>0y IV — il gas raffreddato e a bassa p nel tube &
forzato verso la parte fredda dal flusso che an
dal serbatoio attraverso l'orifizio — passa
B— Pk ks attraverso lo scambiatore freddo e porta via
calore

Il rigeneratore pre-riscalda il gas in ingresso

“Q ad alta pressione prima che raggiunga il lato
—. Hioat freddo

exchanger

Reservoir volume and orifice act
like the GM displacer

FIG. 2.10 Schematic diagram of an orifice pulse tube refrigerator (after Radebaugh 1990).

—

cally

riva

22nd/26th June 2015 ° PTB -ld
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The theory behind Pulse Tube Coolers is very similar to that of the Stirling Réfrigerators, with the
volume displacement mechanism of the displacer replaced by the orifice / surge volume configuration.

K- BamiEn N,
- B | - BEEF
1 B
| B

1

3)

3
| 53

Figure shows the analog between the Stirling cooler and the pulse tube. As the compressor piston compresses frof 1)
to 2), the pressure in the system increases. During this phase, very little gas is transferred into the surge volume vi

the orifice, as the initial pressure difference across the orifice is small. As the piston compresses further from 2) to 8),
more working gas passes through the orifice into the surge volume. The end result is very close to an isochoric process
in a Stirling cycle (with the expansion of the displacer). The net effect is that the working gas is displaced across
regenerator with heat transfer between the gas and the matrix material. As the compressor piston reaches its maximum
stroke and becomes stationary 3) to 4), expansion occurs because gas continues to flow into the surge volume, WTCh
Is at a lower pressure and the pressure within the pulse tube system drops. Finally, a combination of gas exiting th
surge volume and the expansion of the compression space result in another near-isochoric process, 4) to 1) that
complgias sgencygle. As18 reg#l, an amount of heat, QH=THAS is rejected from the system while QC=TCdS is
abso
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PT40 3 Type

CRYOMECH PRODUCTS CRYOREFRIGERATORS Two-Stage Pulse Tube Cryocooler
PULSE TUBE CRYOREFR... PT403

Cooling Capacity

2nd stage and 1st stage combined
*Integrated motor version
0.25W @ 4.2K with 7W @ 65K
Base Temperature

2. 8K with no load

Cool Down Time

90 minutes to 4K

Helium Compressor Model

8upporting Documentation CP830 Air or Water Cooled

PT403 Cryorelrigerator: Available Electrical Options
200/230VAC; 1 Phase, 60Hz
* Specification Sheet 200/220VAC; 1 Phase; 50Hz
®. Gapacily il Power Consumption (Input Power)
e System Drawing Water Cooled
e Cold Head Qutline Drawing
3.0kW @ B0Hz

3.0kW @ 50Hz
PT403 Cryorefrigerator with Remote Motor Option:

Power Consumption (Input Power)

« Specification Sheet Air Cooled
* Capacity Curve 3.2kW @ B0Hz
® System Drawing 3.2kW @ 50HzZ

e Cold Head Qutline Drawing

Warranty

Three years or 12,000 hours
(whichever comes first), on all parts
and materials.

General Maintenance

First helium compressor maintenance
cycle to be completed at 20,000 hours.
Please contact Cryomech for Cold
Head maintenance.

Available Options

Conflat/|ISO Flange

Bellows Assembly

Remaote Motor

Condensing Heat Exchanger

‘Cyoocoolers in voltage metrology (A. Sosso - INRIM) 11/29



Cryocooler is just the '
“bare engine*“
not the end of the : '

acuum
chamber

22nd/26th june 2015 ° PTB
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Vacuum first

Rotating vane pump

Roots pump

Issue: oil leakage
from the pump
entering the

vacuum
- Dry pumps

Min pressure ~ 10




Quite good vacuum needed

To reach the 10 mbar pressure
required for cryocooler operation a
turbo-molecular pump is typically
needed.

Turbo pumps can be easily
damaged: it's preferable to start
with a mechanical pump (ex. down
to 10%) . So you'll need both for your
cryocooler.

Cryocooler “cryo-
pumps” when
temperature drops:
pressure goes to
very low levels
during operation.

e ‘Cyoocoolers in voltage metrology (A. Sosso - INRIM) 14/29




Needless to say?
To measure Is to know

Low Pressure Measurements
widely used technigues

are

to
vacuum

. system
Cold-cathode gauge (Pennig) |- P
Very robust and common, but )é) supply
BEWARE the strong magnet! &Lsd

C CraAanAdiirrArc mavr nAt Iike it

Hot-cathode gauge
Thermo-ionic effect, 1000 C
filament, measures ionic current,
range 10*-11°, shorter life

22hu/zpwnn gune Zuld - PIB




yet another measurement..
how cool are we?

In cryogenics the most used technique to

measure temperature (above 50 mK) is 10°
Resistance thermometry i

10° -
* Different types: i
a) Pure metallic elements (Pt, Au, Cu) e oo ‘\\:\_\__*‘ -
b) Semiconductors with resistance S| e |
increasing as T decrease [Ge, Si,RuO,] 10 —

- high sensitivity RhFe___.--=- -

c) Metallic alloys with magnetic materials ' [ i
[RhFe, PtCo] -» NO, THANKS

g - ~
“d”) diodes (not resistance but volt- i Blstiiiin 3
amperomentric, anyway) 04 T N Nl BRI R

0.01 0.1 1 10 100 1000
T (K)

22nd/26th June 2015 ° PTB

FIG. 3.7 The electrical resistance R(T) of some typical thermometers. A-B denotes

Allen-Bradley carbon resistor. Speer is a carbon resistor. CG is carbon-in-glass. CX 1050 is a
Cernox and RX 202A is a ruthenium oxide from LakeShore. Ge 100 and Ge 1000 are Cryocal

germanium thermometers.

‘Cyoocoolers

in voltage metrology (A. Sosso - INRIM) 16/29
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Semiconductors

Pt wire Pt case with

Lead glass teflon liner

Pt collar seil Gold wire

Germanium (p or n) doped

Below 100 K only holes or dopant electrons. F =
Range 0.3-40 K. S : , ‘,
— stable with thermal cycling (AT ~ 1 mK)

Soldered joint He filling hole
Ge'bridge'

< lcm I

3.9 Encapsulated germanium thermometer (after Kunzler et al. 1957).

T T |G () P e ot P (S A FE e P S R G |
25 |- 4
108} - = <l
- 1L7T5 K ] -
i ) e Carbon resistors
Al 1o / o - Originally made for electronics
. o £ T el - Very cheap
S o't e g *3.4k ]
% 1kQ D%Ln 15 = / / &'/ - |
! - 1 Allen-Bradley: 1/8 W
@ & L 422K
=R - L /// 1 small
il / Vi 1 cheap
102 | it i Y /// 617K : T >1 K'
Ly i / o/" 773K |
o e e TR 90k Matsushita: T > 10 mK
Temperature T [K] : /v/a ;/ °:E).9 K =
Fig.12.11. T ture de- B x 42K ] J
p(:ﬁdence of thzmriz;:t:;:es ::f ol ?4 TR i N H W speer' down to 10 mK
four Allen-Bradley carbon re- 0 S 10 15
sistors (1/8W) with the indi- Magnetic field B [T]
ted room-temperature resist- 5 :
::u:es [12.10) P :<l|2g;7ﬁl7 Magnetoresistances of 47 €1, 1/4 W Allen-Bradley caroon be

22nd/26th June 2015 ° PTB
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Resistors

Thick film RuO, (SMD)

RuO, + (PbO-B,0,-Si0,) “glass” on alumina — accurately fittted

Temperature T [K] Fig.12.22. Resistances versus T-0345 of
050201005 002 00 four different RuO, resistors with approx-
A S e s T T imate room temperature values of 0.5 kQ (
e < ), 1kQ (0 ), 2 kQ (), and 4.7 kQ
i ? (4), respectively. The upper horizontal Cheap
scale shows the temperature in Kelvin
[12.60] very small
S 1o 1 highly repeatable
small tharmal
g "
2 capacitance
o 10° .
©
10° | .
1 1 T I | 1 1 1 1 1
01 02 03 04 05
-0.345 [ 10-0.345
T-0345 (0345 i
Cernox
0.3-300K
Diodes

10 uA constant current - p-n junction voltage. Ok down to 1 K (with proper calibration)

22nd/26th June 2015 ° PTB
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Table 3.9 Summary of secondary temperature sensors for 7 < 300K
Type Range Sensitivity ~ Stability ~ AT/T (%) AT/T (%)
(K) (mK) (mK) 25T @4.2K 25T@I0K

Pt (PRT) >12 1 I NA 100*

(encaps)
Pt 12 1-10 <100 NA 100*

(film)
RhFe 0.5-300 1 1 11 6

(encaps)
RhFe 0.5-300 £10 +20 10 -

(chip)
Carbon (A-B) 0.5-100 1-10 <100 <l <1

(47, 100, 2202)
Carbon (Speer) 0.5-300 1-10 <100 4-9

(100, 220, 470 )
Carbon-glass 1-300 1-10 5@2K) 05 0.2

30 (15K)

Ge (GRT) 0.5-30 1 1-10 5-20%* 4-15%
Cernox 0.3-300 &3 +20 <l
Rox 0.02-200 10 +20 <1
p-n junction(Si) 1-300 10 50 ~100* <50%
p-n junction(GaAlAs) 1-300 10 50 2-3* 1-2*
Capacitor 0.5-60 <500 -0

(SrTiO3)
Thermocouples
Cu vs constantan 10-300 100 (>20K) 100 see Section 3.8
AuFe 1-300 10 (10K) — — 3

vs chromel
The values given are rough averages taken from more extensive sources (e.g. Quinn 1990; LakeShore catalogue of temperature
measurement and control 1995). Errors in T induced by a magnetic field of 2.5 T may be strongly dependent on orientation

22nd/26th 3, (see those marked with *). A-B denotes Allen-Bradley.
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International Temperature Scale ITS-90

Table 3.1 Defining fixed points of ITS-90 with estimates of their uncertainty

AT (Quinn 1990; Preston-Thomas 1990)

Fixed points Tog (K) AT (mK) He?4
“He/*He vap. press. 3-5 ® i
o-Ha Lp. RS 3 Tra 3 K e pur Ne (24.55K) —
Ne t.p. 24.5561 0.5 termometro
0, tp. 54.3584 1
Ar t.p. 83.8058 1.5 ° r \ o
Hg t.p. 234.3156 1.5 Tra pu % e 961.78 °C
Water t.p. 273.16 0 - term O 0
Ga m.p. 302.9146 1 :
Tn Ep: 429.7485 3 calik &\ q
At higher temps Sn, Zn, Al, etc. £ . .
(m.p. and f.p. at pressure of 101 325 Pa) * Q dl H e3 e H -
Superconductor T (K) Width (mK) % i
w 0.016 0.7 In yhiciry B
Be 0.023 0.2 A
Ir 0.099 0.8 \ LA G,
AuAly 0.1605 0.3 ~=1
Auln; 0.2065 0.4 .m vapour
cd 0.5190 0.5-0.8
Zn 0.8510 2.5-10
Al 1.1796 1.54 e
In 3.4145 0.5-2.5 =
ot 71996 Py 2.1768-5.0K
The lower section shows some superconducting transition temperatures, Te (with width of transition), AO 8 3.146631
for metals encapsulated in SRM 767 and SRM 768 (Quinn 1990, p. 183). A 153 1.357655
Ar v 166756 0.413923
A3 0.3, 0.050988 0.091159
Ay 0.1516. 0.026514 0.016349
As —0.002263 0.001975 0.001826
Ag 0.006596 —0.017976 —0.004325
A7 0.088966 0.005409 —0.004973
Ag —0.004770 0.013259 0
Ag —0.054943 0 0
B T3 5.6 10.3
6 4.3 2.9 1.9
22nd/26th June 2015 ° PTB ®
— —

* Tra 0.65 e 5 K — tensione di vapore di He3 e
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Take control over T

Knowing temperature is not
| sufficient, It must be finely
GaronD controlled.

ey L
/ HOTOOWA® ..

Slololololelo] Cryocooler is always at work to
reduce T: to control it an
resistive heating element is
needed.

For optimal performances you
have to find best:

Proportional

Integral
(and in few cases) Derivative
coefficients of your control loop

22nd/26th June 2015 ° PTB
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Cryocooler requires careful thermal design

uniform chip operation --> control of thermal gradients

low cooling power --> minimize thermal links

Issues: coax/microwave guide heat load

Ad Coolpower 4.2 One Watt
Thermal anchoring to 1° stage Performance Data
i reduces temperature Leybold Coolpower 4.2GM One Watt Capacity Map
difference to second stage (60Hz)

Radiation shields around low
temperature volumes reduces
heat from radiated power

3 2nd
I Stage g5w
B Heat
E Load 1
ow 20w 30W 4?\?‘“‘“—'1——4

) 3 ow 50W 60W

2nd Stage Temperature (K)
w

Always try to move the thermal load to 1°** stage
+ 1% stage can withstand a much higher load
* loading 1* stage may even be beneficial

1st Stage Heat Load

25 35 45 55
1st Stage Temperature (K)

Leybold Coolpower 4.2GM One Watt Capacity Map
(50Hz)
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Thermal contact & insulation

Owing to the low pressure, thermal conduction:

% thrugh solids
% irradiation

Table 4.1 Mean values of thermal conductivity (in Wm~' K™ Thermal
Material x x x by x conductance is
T»=300K Th=30K 7T,=77K T =4K T=1K temperature
T\ =71K T, =4K Ty=4K Ti=1K T1=01K dependent
Copper 410 570 980 200 (40)
(electrolytic) A
Copper 190 160 80 5 (1) LT 12
(phos-deoxid.) Q =Kz AT
Brass 81 67 26 17 0.35 l
(70Cu/30Zn)
Constantan 20 18 14 0.4 0.05
(60Cu/40Ni) at? 1
Inconel X 10.7 8.9 4.6 - o K=
18/8 st. steel 12.3 10.3 4.3 0.2 0.06 T T T
MGC 2 1.6 13 0.03 0.004 : :
— 0.82 0.68 0.25 0.06 0.006 T,
Nylon 0.31 0.27 0.17 0.006 0.001

22nd/26th June 2015 ° PTB
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4.6 Selezione dei materiali

A seguito di quello che abbiamo detto in precedenza si conclude che:

Per una buona conducibilita termica le scelte giuste sono Cu (ma: morbido, calore specifico
nucleare a T < 1 K), Ag (ma: morbido, costoso) oppure Al (ma: morbido, superconduttore s¢tto
a 1 K, difficolta di saldatura).

Per I'isolamento termico le scelte giuste sono le plastiche (Teflon, Nylon, PMMA, eccetera),
la grafite (attenzione: ne esistono di diverse varieta), I'allumina, tubi a parete sottile di
acciaio inossidabile (ma la saldatura non e semplice) o di cupro-nichel (piu facili da saldarag).
In generale i vetri o i materiali composti da piccoli cristalli e che contengono una grossa
guantita di difetti e impurita sono dei buoni isolanti termici.

Se le altre proprieta non hanno molta importanza, le leghe di alluminio oppure I'ottone
possono essere usati in virtu del loro costo relativamente basso e della loro facile
lavorabilita.

1§ 7

Per quanto riguarda i fili che portano i segnali elettrici da temperatura ambiente alle bass
temperature criogeniche abbiamo gia detto. Per terminali di bassa corrente, fili sottili di
costantana o di manganina sono i migliori per la loro bassa conducibilita termica e per la
piccola dipendenza dalla temperatura della loro proprieta elettriche. Se grandi correnti
elettriche devono essere trasportate (come quelle per alimentare i magneti superconduttori)
si finisce quasi sempre di scegliere i cavi in rame a patto di collegarli attentamente con pogzi
di calore durante il loro percorso per andare alle basse temperature. A T< 1 K la scelta
migliore e I'uso di fili superconduttori che possono esser ottenuti ricoprendo di saldante
superconduttore dei sottili fili di manganina o di costantana.

| fili per la misura di piccoli segnali devono, naturalmente, essere sempre arrotolati su se
stessi, fissati rigidamente e ben schermati per ridurre i rumori elettrici dall'esterno.

22nd/26th June 2015 ° PTB .
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4.8 Resistenza termica di contatto (Kapitza)

4.8.1 Resistenza di contatto tra metalli

22nd/26th june 2015 ° PTB

Raggiungere I'equilibrio termico in un sistema diventa

via via sempre piu difficile quando la temperatura &

abbassata non solo perché la conducibilita termica dei

materiali diminuisce, ma anche perché compare un
resistenza termica di contatto all'interfaccia tra
due materiali che diventa via via piu grande
all’abbassarsi della temperatura.

Questa resistenza produce un salto termico alle
interfacce tra i materiali dato da:

AT=R, Q

Dove R, € la resistenza termica di contatto o

resistenza di Kapitza. Le resistenze di contatto t
diversi tipi di materiali e tra i materiali e i fluidi
criogenici sono mostrate in figura 4.5.

Siccome, in prima approssimazione, R, € inversame

—

a

nte

proporzionale all'area effettiva del contatto, e siccome

guest’area e soltanto circa 10 dell'area di contatta
apparente a causa delle microscopiche irregolarita
superfici metalliche affacciate, la resistenza di cont

delle
atto

puo essere ridotta notevolmente applicando

un'intensa pressione tra le superfici.

- o
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_SETTING UP YOUR OWN

inless st
VS. .
lectric

A
’__
COLDHEAD VESTING:
vacuum chamber
feedthough
1%t stage shields
|
— 2" stage
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Cryocooler is just the “engine“ not the end of the games

COLDPLATE DESIGN:

Thermometer(s)

Heater for temperature control
signal wires

Thermal contact

WIETA E
A
£ 1 e %
8 e - N
- o T "
J_,-”{‘ o \\/ 7 A" "n_a tori m3 prof. Smm
i B
\\;/ |—-
.
= — Disco_a_02_2010
..... .

° PTB
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(& 0
If you're planning to go

for a Pulse-Tube
(the standard way, at present)
one pulse tube nuisance
- A
Pulse tube coolers must

work upside down ‘ ‘

-and
2 solution

chose:
ng support




REFRIGERATION POWER (W)

10° T T T TTTT] T T 11 . T

Accelerators

Transmission
lines

Cr;rupurn

22nd/26th June

TEMPERATURE (K) J—

< G.K. White and P.J. Meeson,
Experimental Techniques in Low-
Temperature Physics, Oxford Science
Publications, Clarendon, 2002

< F. Pobell, Matter and Methods at Low
Temperatures, Springer, 1996

« Ray Radebaugh: Cryocoolers: the
state of the art and recent
developments, J. Phys.: Condens.
Matter 21 (2009)

THANK YOU FOR YOUR ATTENTION
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b Physikalisch-Technische Bundesanstalt
‘,. Braunschweig und Berlin
- Nationales Metrologieinstitut

Using a JAWS system inside a cryocooler

Technical basics

S. Bauer, R. Behr, T. Hagen, O. Kieler, J. Lee, T. Mohring and L. Palafox




Pulse-Tube Cryocooler

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
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Pulse-Tube cryocooler

 Pulse-tube coolers are working without moving parts at the cold side in contrast
to Sterling or classical Gifford-McMahon cryocoolers

* more compact design of cold head

* less vibrations
* Rotary valve connects high and low pressure side of the compressor unit to PTC
 Pulse-tube = Thin-walled cylinder filled with porous material of high heat capacity
(e.g. rare earths)
» The coolant (Helium gas) takes and carry away heat by the periodic compression
and expansion
* PTC is more reliable compared to those coolers with moving ports
* No LHe logistic needed

» Maintenance is needed every 30.000 h of operation for the compressor unit

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
3of21



Pulse-Tube cryocooler

i o PR
W

Rotary valve

A8

; - |
Y
-
3
b O
N 1
g N -=
<
N
o, "'\’

%
L

7

Picture: TransMIT (http://cryo.transmit.de)

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
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Required infrastructure

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
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Required infrastructure

* Infrastructure for compressor unit

» Cooling water for compressor unit:
* Flow rate: 6-10 L/min (more if ethylene glycol is added )
» Temperature of cooling water: 5 to 25°C depending on flow rate
* Air cooled (wall mounted -> outside) unit also available

» 380 V3~ (50 Hz) or 480 V3~ (60Hz) for compressor unit (approx. 9 kW)
» Low voltage models also available

» Sound absorption for compressor unit:
» Operation in a sound absorbing box (PTB)
» Operation in a dedicated room or outside the building

* Vacuum system (<10~ mbar)

* Turbo molecular pump (TMP) and backing pump

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
6 of 21



Sample mounting and
Cryoprobe design

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut



Sample mounting

* In principle two possibilities to install sample:

« Sample fixed to 2"d stage of PTC
» Best solution for ideal cooling
 Short cables
* Less flexible

« Sample mounted in cryoprobe (top-loading system)
* Reduced heat transfer due to exchange gas
» Long cables > 1 m
 Fast change of sample (~1h) and hence good for testing and

multipurpose use

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
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Cryoprobe design

« Particular attention must be paid to the thermal conduction of the materials used

* Main part is a thin walled stainless steel tube

» HF lines have to be suitable for low temperature (e.g. outer conductor

stainless steel / inner conductor CuBe)

» LF Connection leads made from thin copper wires or small coaxial cables

937

26147

25542

R S

4@%

Konus wird nach/wahrend dem Umbau gefertigt.
Anderungen sind méglich.

o

350

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin

Nationales Metrologieinstitut
9 of 21




Cryoprobe design

* In order to reduce the heat load to the 2nd
stage we connected the stainless steel tube
to the 15t stage via a copper cone

» The cryoperm cup is connected to the
bottom of the top-loading tube via a mesh of
copper wool

» Regarding all this design criteria the PTB
system has a heat transfer to the second

stage of about:

Q ~100 MW

_ 9380 _

_$30.0

267.0

=

-

e} B33
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TransMIT Cryocooler
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Cryocooler for pulse-driven Josephson arrays

., S = = V

cryoprobe

» Low RF power due to pulsed operation

* TransMIT Pulse Tube Cooler (AT = 2 mK)
» Lowest temperature with cryoprobe = 3K
* Arrays are cooled by He as exchange gas
« simultaneous operation of two arrays on

one chip possible

 No LHe necessary!

http://cryo.transmit.de/

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
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TransMIT Cryocooler

3
Remote control :
Flexible tube Frequency g
(0.75m) inverter §
Gawvanic |} 8
insulator ]
Filter
Gate valve Flexlines (20 m) .
DN40-KF <
| Rotary valve = e %
Tacg vave
PTD-406C ,._._,,=
gl ol BT L :
- ax
5t Deooustion ‘\ @ XM
) <
Y 4 e >
/ He-gas g
cylinder R
-
1 4L -
s
Step HX —
Continuous HX —— of
>
=
=
A
LHe pot ( = 0.2 Lp—
T~
| ~—~—Radiation shield
2670
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TransMIT Cryocooler

400 - : : :
. —— 1% stage
| MrdeIe of 2" pulse tube
| \\\ — gBt)ls'(tjr?1e<)f LHe-pot
« Cool down time approx. 2.5 h o177 B
. , e ] e
* 3 h when cryoprobe is already inserted = -
a
« Simply switch on when needed 5
10 4
4.0 K after 140 minutes —
2 ——s ; ; ——r : ;
6.0 ey g e e et 0 30 60 90 120 150 180 210 240
48] Q=15W _m . ] Time (min)
4645y w—— / / ]
g Emrr: i I
‘o 7 ~ 1 1 +Cooling power approx. 1 W @ 4.2 K
sgl o0TSWeE—— . h
o ve] Wm/ | | / 1 < About 0.2 W are needed for Top-loading tube
:vs.z-: | , _
B /_;/ ] and LHe pot
2.5-: - / -
24 L_rﬁi 1 < 0.1 W for cryoprobe
2.2—_0W [ ] ‘| I S 20W .
2.0 Q=0W . 10w | | ]
18 +—— T ' T T T T ]
35 40 45 50 55
T, (K)
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TransMIT Cryocooler

38.00
37.95

3

37.90 O

=

©

3785 &

e

9

| 3780 &

o

()]

| 37.75 %
| 37.70

1 I | 4 I | | |
X 3376 i . 11
o | ’ I
=
E . [ 1Rl
) |
o
£
2
= 3,374+ |
&
5 - | U
N
3,372 -
' | d I ! I 4 | ' | ' | ! |
0 2 4 6 8 10 12 14
time [h]

* Temperature oscillation damped to 2 mK by LHe pot (65 ml LHe)
* Best performance below 4 K
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Nationales Metrologieinstitut
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JAWS reminder
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Pulse-driven Josephson Arrays

arbitrary waveform
computer /\ /
pulse-pattern- | ¢ 3A- mOdUIat'T
generator Tompuise repet _ﬂ]]'[[ﬂ]]]]]]]]]]]][[ﬂﬂw 0
(PPG) frequency 4

v current pulses

SNSJAWS chip |~ [
: ik d
@ LHe : 4.2 K Z'5 KL

l array output

/\/

quantized waveform

spectrum
analyzer
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First measurements in cryocooler

- 60
J '..-' Nb :Tcz9.1 K I YYYYVYVYVYYY]
10" e, , v 4150 __
1 ., G
. - N’
. . @
1 =
£ . v 440 ©
4 . -
S G ‘ ‘e C
= 40" = critical current . +—
c 10 3 L—.I . 0
Q = ) 430 -a
- i [ + normal resistance I . s
- J ¢t © : % o | -
o . : :
© - - 20
© 10%°H v, e
ren v"v'vvvvv""""""v ()
-: B y: v :
" Z . 110
10'3-: N ""'v' SESEEEENENEENEES
' Ll l L} l 'l' [ L) l Ll 0
4 5 6 T 8 9 10
temperature (K)
Kieler et al., World Journal of Condensed Matter Physics, 2013, 3, 189-193
http://dx.doi.org/10.4236/wjcmp.2013.34031
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First measurements in cryocooler

6,00
5,00
4,00
p—
< x =0=—Ic up (mA)
E 3,00 =8—Ic down (mA)
——
L/ === Oxford
—— Expon. (lc up (mA))
2,00 ‘A\A\A\A —— Expon. (Oxford)
1,00
0,00 T T T T 1
3,0 3,5 4,0 4,5 5,0 5,5
Temperature (K)
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power / dBm

voltage / mV

First measurements in cryocooler

* Noise floor comparable to measurements in LHe

* 100 mVgxys With arrays of 6000 junctions is possible

* Up to four arrays with 125 mVyys should be possible
» Crosstalk between both arrays is in the order of some parts in 108

» Two independent voltages are needed for the application in an impedance bridge

4 1.0KkHz, 100mV,, | —— JAWS Array 1 | 407 [tokHz100mv,, | —— JAWS Array 2 |

-60 - -60 -

-804 clock : 156 GHz S -80- clock : 156 GHz

7 500 triple stacked junctions 7 500 triple stacked junctions
-100 - sA-code amplitude 60.79 % E -100 - sA-code amplitude 60.79 %
-120 Tz'“‘ Stage :3.7K E -120 Tz'“‘ Stage :3.7K
-140 - __—PX1 5922 non-linearity ; -140 - __—PX1 5922 non-linearity
o o o
-160 4 o -160—! | I 4 |
“180 2 T : X T T “180 ¥ T 2 T X T X T T 1
0 10 20 30 40 50 0 10 20 30 40 50
frequency / kHz frequency / kHz
150 > 150
100 g 100+
50 ~ 501
0 283 mv, g_, 0 283 mv,

-50 \ 8 -50
-100 3 -100
-150 —_—— . > -150 —_—— .

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
time / ms time / ms
Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
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Summary

» Cryocoolers to avoid LHe logistic

* Pulse-Tube cooler has the advantage of no moving parts

» Temperature below 4.2 K can easily be reached

« Two methods of mounting (fixed on 2"d stage / mounted on cryoprobe)
* A certain infrastructure is needed to operate such a system
 Top-loading systems make fast change of samples possible

* Limitations due to heat conductance of exchange gas

« Simultaneous operation of two JAWS arrays

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
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Thank you for your attention!

Physikalisch-Technische Bundesanstalt
Braunschweig und Berlin

Bundesallee 100

38116 Braunschweig

Dr. Stephan Bauer
2.63 Josephson Normal und Spannung

Telefon: 0531 592-2633
E-Mail: stephan.bauer@ptb.de

‘ 'www.ptb.de
b

Stand: 06/2015




Pulse-Tube cryocooler

Mikulin Matsubara Eindhoven Giessen Ehv/Gies
200 '
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Chapter 1 - Parts list of the AC Quantum Voltmeter system
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1 Parts list of the AC Quantum Voltmeter system

sk supracon esz .
AC Quantum Voltmeter T
| . T0GHz
Control Unit Synthesizer
Bias Source
— Generator (20 Channels) :
— Null Detector (DC) / |
Sampler(AC) Cryoprobe with

10V PJVS array

Helium Dewar (4.2K)

E.
27-Aug-20U Supracon AG, Ander lannprude 11, 07751 Jens, Gammary - sakiofi@=suracn.om slige 5 of17

The AC Josephson system consists of the following units:
1. Cryoprobe with programmable Josephson junction array chip (PTB)
70 GHz microwave synthesizer (Julicher Squid GmbH)
Bias sources (5 LeCroy units)
Keithley 2182A nanovoltmeter
Electronic box

Waveform generator Keithley 3390

N o ok~ w DN

Synchronisation units
a. Optical Trigger IN/OUT units with fibre connection
b. Optical Clock IN/OUT units with fibre connection

8. PXI 1036, 6-slot Chassis with
a. PXI 8336 (optical communication to computer)
b. PXI 5922 (digitizer, sampler respectively)
c. Optical fibre cable

9. Multiplexer with polarity switch

10. Computer
a. PCI8336 card (for communication to PXI 1036)
b. LabView installed
c. Two free USB ports

11. USB hub units

a. Optical isolated USB-hub (two units) with twisted multimode fibre connection

b. Grounded USB hub 7-port (for control box, synthesizer and USB-IEEE converter)
12. Power supply

a. Isolation transformer 12V & 5V power supply (PTB)

b. Battery 12 V power supply with charger (Supracon)
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Chapter 2 - Basics of the 10V PJVS arra
P Y ¥ supracon

2 Basics of the 10V PJVS array

e Number of Josephson junctions: 69632
e Maximum output voltage: +10.1V
e Operating frequency: 70 GHz
e Zero & first order Shapiro step: 1mA

e Bias current: 6 mA
e \oltage increment:

. critical current 1, _

full array (69632

................................................. __ ] .__1?4085u|1arrayi_
o LI DU bias currently
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Chapter 3 - Setup of the AC Quantum Voltmeter
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3 Setup of the AC Quantum Voltmeter
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Chapter 4 - Performance tests
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4 Performance tests

4.1 Critical current of the JVS array

13 supraVOLTcontrol - . = | B S
File Calibration DT Calibration AC ~ Voltmeter Test Electronic  Performance Test  Options  Devices Help Info
“oﬂ -
Measure the Critical Current = supr‘u
| Measure Critical Current |
N Ot eycept CHI
Heat mpedance
W
Critical Current 51 ma
Interval per Step 0.20 [ mA
Keithley 21824 PX1-5922 .
i @ Calibrator
N Uncertainty: 0043 v
ZoomIn L
0.000002 -
[ 0.000001 -
!
H =
m
o
[ £
s 0-
=
1 g
| <
-0.000001 -
L
-O'OOOOOZ_I | 1 1 1 1 1 | 1 1 | 1 1 |
-0.006 -0.005 -0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004 0.005 0.008
Iseg Trim [mA]
--» Critical Current OK Satus: [l

The most important parameter of the JVS array is the critical current. Its value is
saved in the binary.ini file. In some cases, for example switching events, or
parasitic noise, or disturbances due to ground loops, or cross talk from trigger/
clock signals etc. the critical current can be suppressed and the operating margins
decrease. Therefore it is recommended to check the critical current from time to
time.

In the case the critical current is supressed magnetic flux is trapped in the
Josephson junctions. The trapped magnetic flux can be removed by heating the
JVS array above its critical temperature, typically about T=10K for the used
niobium superconductor. Therefore a heater is integrated near the chip and
addressable by the software. When the magnetic flux is removed the critical
current should be reach its nominal value.
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4.2 Width of the Josephson voltage step

i3 supraVOlTcontrol - . = | B |
File Calibration DC  Calibration AC  Voltmeter Test Electronic  Performance Test Options  Devices Help Info
2 supra )
Measure the Step Flatness = p
Full Array & Zero Step
Check Full Array pos ¥/ | Find optimal Microwave Power |
neg [J
< full [7
DC-Voltage 10078117 5|V min. Zero Step 150 & ma
. A 240 | mA Interval per Step | 020 |5
Iseg Trim . -
Step Size 0.20 = mA
Microwave Power Zero Step [mA] Offset [mA] -
|| 10.082000- 0 0.00 0.00
10081000 {
10.080000 -
=1 10079000 e e cceseaat
o
&' 10078000 - N
= 10.077000- , N
7
= 10076000, i i i { -
-1 1 -05 0 05 1 1.209
Iseg Trim [mA] - |
-10.072000 - 0.000002 -
-10.074000 - =
-10.076000 u 0.00000L
= -10.078000- = ]
=) . S & e o & & 8 8 & 5 >C' g
u -10.080000 - o
2 -10.082000 £ -0.000001 -
= J | <
L = -10.084000 ~0.000002-| | | | | |
S 10088000~ 0 -0.00575 -00055 -0.00525 -0.005 -0.00475 -0.0045
-12-10 -0.75-0.50 -0.25 0.0 0.25 050 075 1.0 1.2 Iseg Trim [mA]
Iseg Trim [mA]
Microwave Power: P = 4400 Satus: [l
— - i

Another important parameter of the Josephson junction array is the current width
of the constant voltage step under microwave irradiation. These voltage steps also
called Shapiro steps determine the performance of the JJA and with it of the
complete system. Larger steps increase the operating margins as the bias current
can vary over a wider range and improve noise immunity.

The step width is measurable by applying an additional trim current to all
segments of the JVS array. During this trim current sweep the voltage is measured
and the step width is given by the part of a flat region where the voltage is
constant.

4.3 Microwave power

The microwave power can be tuned for optimisation the zero current step. By
running this test, the microwave power is increased stepwise and the
corresponding zero current step is measured and displayed. The minimal zero
step width should be 1.5 mA, this is the default value.
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4.4 Bias current Ig

b ] supraVOLTcontrol - - = | B
File Calibration DC  Calibration 57XX Voltmeter Test Electronic  Performance Test Options  Devices Help Info
“oﬂ .
2 supra
505-
Starting Iseg trim: | -1.200 [ =
arting Iseq trim ma %5.045— /
% /
Ending Iseg trim: 1200 | maA E 504 /s
. . 7
Iseg trim perstep: 0100 |5 ma q: 5035 ! ! ! ! ! !
-15 -1 0.5 0 05 1 15
Iseg Trim [mA]
POS NEG
9 = Step Width [mA] From [mA] To [mA] Bias Curr [mA] Junctions STDV [nV]
> = 1 200 -1.00 1.00 7.0 68.01 1256
"] ] 2 210 -1.20 0.90 7.00 3400 7182
=] 3 2.50 -1.20 130 6.35 17.00 341
d
=] 4 2.50 -1.20 130 6.35 8.00 920.57
d
5 230 -1.20 110 6.25 4,00 109.52
4 .
i 6 2.20 -1.20 1.00 5.85 2.00 68.95
— ™ 7 250 -1.20 130 6.05 2.00 491.10
- ™ 8 2.50 -1.20 130 6.20 101 3765.81
o 9 2.50 -1.20 130 715 136.00 116,67
— - 10 2.50 -1.20 130 710 272.00 65.58
— - 1 2.50 -1.20 130 6.70 544.00 133.01
— d 12 230 -1.20 110 6.40 1088.00 192,68
— d 13 200 -1.00 1.00 6.30 2176.00 205.54
—d wd 14 180 -0.90 1.00 6.25 4352.00 40161
d wd 15 190 -0.90 1.00 6.20 8704.00 470,93
- | 16 1.50 -0.80 0.70 6.00 T 1740801 443.35
| [~ | 17 140 -0.80 0.0 585 34816.02 3719
4 - 18
Satus: [l

Each Josephson segment must be driven with the correct bias current Ig, to be on
a Josephson step. The individual bias currents of each segment are stored in the
binary.ini file. For an optimal performance with best operating margins it is
recommend optimizing the bias current to the centre of the Shapiro steps.

[BinArray_ PTB8-8]

no_of_segments = 17

segments(lo-->hi) = "68, 34, 17, 8, 4, 2, 2, 1, 136, 272, 544, 1088, 2176, 4352, 8704, 17408, 34816"
code_strategy = "binary"

bias_data_segment_0 = "l_minus=-3.85 mA, w_minus=1.7 mA, |_zero=0 mA, w_zero=1 mA,I_plus=4.5 mA, w_plus=1.6 mA"
bias_data_segment_1 ="|_minus=-3.55 mA, w_minus=1.7 mA, |_zero=0 mA, w_zero=1 mA,|_plus=4.2 mA, w_plus=1.6 mA"
bias_data_segment_2 ="l_minus=-3.25 mA, w_minus=1.5 mA, |_zero=0 mA, w_zero=1 mA,|_plus=4 mA, w_plus=1.6 mA"
bias_data_segment_3 ="l_minus=-3.15 mA, w_minus=1.7 mA, |I_zero=0 mA, w_zero=1 mA,|_plus=3.25 mA, w_plus=1.7 mA"
bias_data_segment_4 ="l_minus=-3.15 mA, w_minus=1.7 mA, |_zero=0 mA, w_zero=1 mA,|_plus=3.25 mA, w_plus=1.7 mA"
bias_data_segment_5 = "I_minus=-3.15 mA, w_minus=1.7 mA, |_zero=0 mA, w_zero=1 mA,|_plus=3.25 mA, w_plus=1.7 mA"
bias_data_segment_6 = "I_minus=-3.05 mA, w_minus=1.5 mA, |_zero=0 mA, w_zero=1 mA,|_plus=3.5 mA, w_plus=1.6 mA"
bias_data_segment_7 = "I_minus=-3.05 mA, w_minus=1.5 mA, |_zero=0 mA, w_zero=1 mA,|_plus=3.3 mA, w_plus=1.4 mA"
bias_data_segment_8 = "I_minus=-3.25 mA, w_minus=1.5 mA, |_zero=0 mA, w_zero=1 mA,|_plus=4.2 mA, w_plus=1.2 mA"
bias_data_segment_9 = "I_minus=-3.25 mA, w_minus=1.3 mA, |_zero=0 mA, w_zero=1 mA,|_plus=4.15 mA, w_plus=1.1 mA"
bias_data_segment_10 ="I_minus=-3.15 mA, w_minus=1.1 mA, I_zero=0 mA, w_zero=1 mA,l_plus=4 mA, w_plus=1.2 mA"
bias_data_segment_11 ="l_minus=-3 mA, w_minus=1 mA, |_zero=0 mA, w_zero=1 mA,I_plus=3.95 mA, w_plus=1.1 mA"

bias_data_segment_12 = "I_minus=-3 mA, w_minus=1 mA, |_zero=0 mA, w_zero=1 mA,l_plus=3.85 mA, w_plus=1.1 mA"
bias_data_segment_13 = "I_minus=-2.95 mA, w_minus=1.1 mA, |_zero=0 mA, w_zero=1 mA,|_plus=3.7 mA, w_plus=1.2 mA"
bias_data_segment_14 = "I_minus=-2.95 mA, w_minus=1.1 mA, |_zero=0 mA, w_zero=1 mA,|_plus=3.6 mA, w_plus=1.2 mA"
bias_data_segment_15 = "I_minus=-3 mA, w_minus=0.8 mA, |_zero=0 mA, w_zero=1 mA,|_plus=3.4 mA, w_plus=1 mA"
bias_data_segment_16 = "I_minus=-2.85 mA, w_minus=0.7 mA, I_zero=0 mA, w_zero=1 mA,|_plus=3 mA, w_plus=0.8 mA"
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4.5 Microwave frequency

This performance test is under construction ....

The microwave frequency can be tuned by the synthesizer in the range from 69
GHz till 71 GHz. As the Shapiro step performance of the JJA depends on the
driving frequency it can be useful to tune the frequency to its optimal value. This
can be done by using the software tool “...”.

4.6 Calibration bias sources

The bias sources are used to drive the JVS array segments. From time to time it is
recommended calibrating their output voltage in terms of offset, gain and internal
resistance. Please follow the instructions below.

1)

2)
3)

4)

5)

6)
7

r M
{3 Check LeCroy 55

Offzet [mV] Fullscale [V] Rzeries [Ohm] Cal Date CalTime =«
Channel 1 0.0024 11.9830 505239 11.09.2013 10:08:44
Channel 2 0.0042 11.9825 50,3427 11.09.2013 10:07:48
Channel 3 0.0031 11.9795 504287 11.09.2013 10:05:05
Channel 4 0.0050 11.9827 50,3263 11.09.2013 10:02:47
Channel 5 0.0033 11,9825 503214 11.09.2013 10:02:49
Channel & 0.0038 11.9880 504151 11.09.2013 10:01:11
Channel 7 0.0021 11,9800 50,4505 11.09.2013 10:00:09
Channel & 0.0049 11.9880 503713 11.09.2013 09:58:32

Channel 9 0.0036 11,8830 50,3497 11.09.2013 09:54:48 | _

Channel 10 0.0014 11.9832 504781 11.09.2013 095314 |~
Channel 11 0.0030 11.9776 50,3517 11.09.2013 09:51:49
Channel 12 0.0028 11.9795 50,3347 11.09.2013 09:49:24
Channel 13 0.0030 11.9855 504121 11.09.2013 09:46:56
Channel 14 0.0032 11.9864 50,3356 11.09.2013 09:44:50
Channel 15 0.00132 11.9885 50,3601 11.09.2013 09:42:31
Channel 16 0.0018 11.9944 504432 11.09.2013 09:40:32
Channel 17 0.0019 11.9815 50.4080 11.09.2013 09:36:47
0.0024 11.9902 504153 1110.2011 16:10:23
0.0009 11.9894 50,3948 11.10.2011 16:11:21

0.0020 11.9905 50,4065 11.10.2011 16:12:27 =

Channel1 [=| Al [ Offset | 1.0000
Voltage 1 v Fullscale | 1.0000
[ Set Voltage I Rseries 1.0000 I H save I [ Cancel ] [ 0K ]

Let warm up the Lecroy bias source as well as the Keithley nanovoltmeter for more than 3
hours.

Make a copy of the binary.ini file

Select the user interface <Performance Test> — <Check LeCroy> and choose the LeCroy
channel no. which should be calibrated.

Connect the BNC output of that LeCroy channel no. to the input of the Keithley 2182A
nanovoltmeter by using a matched cable.

Type a <Voltage> of 10 V and start measurement with <Set Voltage>. The offset and gain
are measured and if finished the results are displayed in the table

Continue with next LeCroy channel.

When all channels are measured, store the data to the binary.ini file with the <Save>
button
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4.7 Set AC devices

For investigation AC voltage measurements in dependence of various parameters,
for example sampling rate, Josephson sampling frequency, or an arbitrary
frequency selection etc. the performance test <Set AC devices> is useful.

3 supraVOlLTcontral - - = | B |
File Calibration DC  Calibration AC  Voltmeter Test Electronic  Performance Test  Options  Devices Help Info
“oﬂ .
Z supro
Fluke Calibrator 5720A Sampler AC Check RMS FFT Read
(and Function Generator) (PXI-5922) Step| 0 |[Zoom,
B 0.999979 'ijﬂ E i
Set Function Generator Differential Ch B Iz‘ 0.15- ®
- Keithley 3390 PXI -5402 PXI Params 01-
Find Phase @ Device Name Devl 4 005
S 0
Sample Rate A b= 0-
25 8
Frequency 1000 |HZ etoos Ver Trigger (immediate/digital) [/ E -0.05-
Sl 700 f° Vertical Range 3 & 01-
L Volt: 1 ’ W
orage Y Expected Freq (Hz) 1000 015-) ! ! ! i
External Phase Lock [/ Periods| 100 | Samples | 20 0 300 1000 1500 1999
Gain Factor 1.00000
0.999981 -
Offset 5.214E-5 "
waveform Sine i i = 0999980 W
Lec roy | l;‘ Delete Starting Points | 0 i
Waveform control samp. = 20 : Delete Ringing Points | 50 :22 0.0094979— bl
amplitude 1000 =y Delete Center Points |0
L) e | 0 e R IO I A N A
- Number of Loops |10 =
frequency 1000 5 Hz Number of Points |
Iseg Trim Step1..5 | 1 | Zoom | Vj (RMS, Steps)
Results 0.00075- 1.000036041
0.00V +/-127pV |/ & 3 F 0.990981 - ! o s Measured Gain
044V +/-91 0V | = s ] $ 1.000036041 |+ 100 W
£ 0.999980 - e
0.83V +/-B3pV £ . : [ Calculated RMS
[l << - 0999979 T
114V +/-111pV 32 . 0999981112 |+ 1.02E6 V
3 0999978, i i
L ] -0105 0 0104  Offset PxI
Iseg Trim [mA] 1.000038041
Satus: [l
i - - - &

The desired <Frequency> and <Voltage> are set in the Fluke Calibrator 5720A
field, and the most interesting parameters are <Sample rate>, <Deleting Starting
Points>, Deleted Ringing Points>, <Deleted Center Points>, <Periods> in the
<Sampler AC> field. The sampling method can be chosen with the pop up menu
directly below (PXI-5922), in the figure <Differential Ch B> is shown as example.

With button <Check RMS> the measurement is started.
The spectrum of the measurement data can be done with <FFT>.

In the diagram <Zoom> all samples of the Josephson steps are displayed and all
steps should be flat, otherwise the number of deleted point is incorrect or the bias
current settings of the JVS are out of step or there can be a parasitic crosstalk
from the trigger (20*f).

The value of <Periods> should be equal or smaller than the chosen <Frequency>.
One measurement value is calculated by the mean of <Periods>, and to get an
uncertainty this procedure is repeated by the <Number of Loops>. The Time for
one measurement value is given by 1/<Frequency> * <Periods> and should be a
multiple of 0.02 s (50 Hz). Typically the measurement time is 0.2s or 1 second.
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5 DC voltage calibrations

5.1 Calibration of secondary voltage standards
The system is able to calibrate DC voltage standards as well as DC voltmeters.

In the case of DC voltage standard calibrations the Josephson voltage is adjusted
to about the voltage of the DUT to measure the difference voltage close to zero,
and the nanovoltmeter can be used as null detector. With this method, the noise
level of the nanovoltmeter is drastically decreased, and the uncertainty level is
improved.

i3 supraVOLTeontrol = | B |
File Calibration 57XX  Voltmeter Test Electronic  Performance Test  Options  Devices Help Info
o
Calibration of a DC standard o “b Ssupra
_ —_ Step Width
Start = Print Ak 1 mA oF 0.000027660 v
S Ffis AV 0.000249378 v
dRma= 04 m@  Vj+|  10.000084781 v
Channel Identifier MNumber of
Data Points 80-
=
=
B FLUKE 7324 8 2 87" ,
C 5.
5w [ B S B
g
Lock 5 657
=
Frequency 70.000000000 GHz " = 60-
' | | | '
-1.01 -0.50 000 0.50 101
Iseg Trim [mA]
HE
Step Width
I Voltage of Standard Standard Deviation | Thermal Voltage | = AL 1 mA = 0.000097729 W
1 10.000015490 V 382 nV 48 nv
AV 0001661130 |V
2 10000015357 ¥ 519 nv 450V Step Flatness y Tl
3 10000015350 V ECT &7V s e ol HEL =
4 10.000015680 ¥ 514 nV 90 nV 50—
5 10.000015395 V 358 nV -107 nV = =Y
6 10.000015513 ¥ 415 nV 29 nV ‘v -60- &
7 10.000015647 ¥ 430 nV -144 nV £ '
8 10.000015421 V 492 nv 102 nv = -10- hAEmatdusmn duusk dnnay
§ a0- -
Channel Average Average Deviation Thermal EMF % ,
A " by
E T 1 1 I 1 1 [
B 10000015483 V 125 -20nv - 085 050 025 000 025 050 085
Iseg Trim [mA]
Satus: [l
Vlh == Vth +
i + - +
olarity }— olari
Josephson standard p y L] secondary standard Josephson standard p vy secondary standard
v reversal v V. reversal v,
[ switch T~ fluke r switch fluke
+
nanovoltmeter | 4] nanovoltmeter |4
Vit V-

Measurement of the difference voltage Vi for Measurement of the difference voltage Vi for
a positive Josephson voltage V;. setting. a negative Josephson voltage V;_ setting.

© SUPRACON AG
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5.2 Calibration of external DC voltmeters

= Gain fac

tor and linearity of external voltmeters

Vavm =M Vip 0

Identifier
Voltmeter Keithley 2000 [ ]
Range oV E
MNurnber of Data Points 13 =
Configure Voltmeter
Frequency [GHz] 70,000
Offset VS [pV] 0,606
Gain Faktor [neg. values) 1.0000030
9.901028 - "
. 9.901027 -
2 -
o 9.001026 -
2 9901025~ - s %
2 9901024 - . £ -
= - L
©'9.901023 - -
= - L]
< 9.901022- .
9.901021 - | 1 | | 1 |
-015 -01 005 0 005 01 015
Iseg Trim [mA]

Vdvm = Gain * Vin + Offset = 1.0000090 * Vin + -0.000002030

1E+2-
80~ ”
60~ ®
40-
20-

_20 -
-40- 4
-60 - ¥

80,

A1E+2-, I | | |
-10 = 0 5 10
Josephson Voltage [V]

Difference Voltage [uV]
"

Clear Josephson Voltage [V] Measured Voltage [V] SD[AV] | -
1 i -9.90093216 -8.80102091 1438 M
2 -8.33330749 -8.33338111 1557
3 -6.66667494 -6,66673146 1829
4 -5.00004239 -5,00008646 1257
5 -3.33326509 -3.33329445 1468 =
6 -1.66663255 -1,66664679 1787
7 0.00000000 -0.00000203 1856
8 166663255 1.66664647 1288
9 333326500 3.33329504 1095
10 500004239 5.00008739 1504 T
1 666667494 6.66673571 1753
12 833330749 8.33338396 1795 >

Satus: {ll

Vavm measured and displayed voltage of the DVM,
m gain,
Vin input voltage of the DVM,
b offset voltage.
f b ) supraVOLTcontrol = | G || ]
File Calibration DC  Calibration 57XX Voltmeter Test Electronic  Performance Test Options  Devices Help Info
ibrati 22 supra i
Calibration of an external Voltmeter = p

e

=

For the following voltmeters the gain m can be measured automatically:

Keithley 2182A
Keithley 2001
Keithley 2000
Keithley 182
Agilent / HP 3457A
Agilent / HP 3458A
Agilent / HP 34401A
Agilent / HP 34420A
Fluke 8508A

Datron 1281

2K 20 28 28 28 2 2 2 2 2
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6 AC voltage calibrations

6.1 Sampling technique

1 ‘ ‘L‘,,.‘.‘.,:dﬁzznxm.’u:%m‘ ’ ringing = Fluke 5720A
—= JVS waveform
0,5 R
© ,v_{ml(- phase difference
o ‘
S o ——t Mg b
Ke) «—> 3 N -
> 1/Josephson ,%mé
0,5 | sample frequency ©
1 Lk
03 r
o 0 I . o 2 o
8 0,2 B o e} T o o i
0 o
(=
% 0,1
G=
T 0
>
&-0,1
E 1R
02 i ‘- . i
o @ g &8 o .|
-03 -

One period of the signals from JVS waveform and Fluke calibrator. Upper graph
directly sampled and their difference in the lower graph. The JVS array voltage is
illustrate with ringing at the point of switching between Josephson steps.

The core of the AC Quantum Voltmeter is a stepped Josephson voltage, called
Josephson waveform, with typically 20 steps per period. A comparison of this
exact calculable Josephson waveform with an unknown AC voltage enables an
accurate determination of the AC voltage. The AC voltage measurement based on
a sampling technique, to eliminate parasitic transients which occur during
switching between the Josephson voltage steps. These transients are also
correlated with ringing at the switching instant. The ringing are due to two effects,
first non-perfect matching of the bias source with the impedance of the Josephson
sub arrays, which follow in decay times in the range of 100 ns. Second, the NI
5922 sampler use anti-aliasing filter for cutting off higher frequency contents
(sampling theorem). Its decay time depend mainly on the sampling frequency of
the digitizer and are in range of several microseconds.

I's important to have an exact synchronisation of Josephson waveform, unknown
AC waveform & sampler, therefore common trigger & clock signals must be used.

Reduction of the gain: - low input signal; measurements of pos. and neg.
voltages, gain error on both sides

- phase difference - gain error

© SUPRACON AG
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6.2 The biasing of the programmable Josephson array

1
no. 1: N=34816 JJs;
[,=0 ->U,=0or
1=lg -> U =N"TK,
2
3
source number
no. of JJs
1- 34812
4 2- 17408
3 8704
4 4352
5 5- 2176
6 - 1088
7 - 544
8- 272
6 9. 136
10 - 1
1 - 1
12 - 1
7 13- 2
14 - 4
15 - 8
16 - 17
8 17 - 34
18 - 68
9
EED U,
10 —Vopsm—— V
10 A
H) U
M v pEm—
n it
E]) Uy
12 <, plsm————
|12 IJu
H) U
13 b psm——%
[ %)
H) Uy
14 v, pism——,
i 4
15 D) U
U, {500 ————
|_<.) 1 Iﬁ"l s no. 15: N=8 JJs;
[]) =0 ->U,,=00r
Uss 135=l-> Upyg~1.2my
16 |_<,3Uwe'
el
: UJ1E
17 |_<?Uw'|
L
g UJH
18 |—v.os00— !
g i [ ]
|

R1Q

—

gk}

Schematic binary sequence of the programmable
Josephson voltage standard array with connected

50 Ohm bias sources.

According the rules of Kirchhoff:
1) -U;+;*R;50+U;,—1,*R,50-U, = 0;
l1= la1;

2) -U,+1,*R550+U 50—13*R350-Us = 0;

1= 132 —ly1;

3) -U3+13*R350+U 35—-1,R450-U, = O;

I5= 13 —ly2;

4) -U,+1,*R,50+U,—l5*Rs50-Us = 0;

4= 134 =133

16) -U16+116*R1650+U;16-117*R1750-U;7 = O;

l16= ly16 —ly1s

17) -U17+117*R1750+U;17-115*R1550-U;5 = O;

l17= 1317 —l316

18) -Uig+l1g*R1850+U;18 +1318*R10 = 0O;
l1s= 1318 —la17

Development the formula to Uy:

Uig = Uig +(ls1s —1517)*R1850;

Uiz = Ujig +Ug17 +(l517 —1y16) *R1750;

Ui = Ugig +Ug17 U1 +(la16 —1315)*R1650 ;

Uis = Ujig +Ug17 +Uj1 +U g5 +(ly1s —
1314)*R1550;

Uis = Ugig +Uj17 +Uj16 +Ug15 U514 +(1514 —
1313)*R1450;

Uiz = Ujig +Uj17 +Uj16 +Ug1s U514 +Uj13
+(1513 —1312)*R1350;

U; = Ujig +Ug17 +Uj16 +Uj15 +Uj14 +Up3 +
+Ug +Uj1 +(131)*R450;

© SUPRACON AG
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At an operating frequency of 70 GHz the Josephon voltage standard circuit (JVSC) can
generate quantised voltage levels in the range of —-10 V to +10 V at intervals of about
140 pV according to equation 1. These discrete voltage levels are referred to Shapiro
steps. To generate a certain Josephson voltage, or to set a certain N of equation 1, the
different segment of the JVA arrays must be activated or not. This task is taken by several
bias sources, to drive the JJA segments (sub arrays) with currents of —Ig, 0, or +lg. If a sub
array is driven by the positive bias current it generates the corresponding positive
Josephson voltage and if the bias current is zero that sub array gives no contribution to the
full array voltage.

The bias sources have an internal resistance of about 50 Ohm, identified by Rx50 (X
corresponds to the number of the bias source), so the bias currents can be driven via a
voltage with high speed. For generation of a certain voltage level the bias current Ig of
each segment has to be determined, according the number of junctions in each sub array.
In the following the bias currents of the sub array X are indicated by l;x, which can be
equal +lg, -lg or 0.

By applying the rules of Kirchhoff we can found:

Uig = Ujig +(l128 —1317)*R1850

U7 = Ujig +Uj17 +(la27 —1116)*R1750

Uie = Ujig +Uj17 +Use +(ls26 —1115)*R1650

Uis = Ujig +Uj17 +Ujie +Ugis +(li1s —1524)*R1550

Uis = Ujig +Uj17 +Uge +Ug1s +Uj1s +(li14 —313)*R1450

Uiz = Ujig +Uj17 +Use +Ug1s +Uj14 +Uj1s +(l13 —1512)*R1350

Uy = Ujig +Uj17 +Ug16 +Ug1s +Uj1s +Ugis + ool +U;; +Uj1 +(151)*R450

As an example, the Josephson voltage should be 1.16 mV. According the Josephson
equation (V; = N*f/Kjg0 = 1.16 mV) the number N must be 8 in this case. Therefore sub
array no. 15 with 8 JJs should be driven with positive bias current (l;35 =Ig -> Ujs =
8*f/K;90), and the current of all other sub arrays should be zero (I;x = 0 -> U;x =0 for X+#15).
According the equations and with the parameters (Ryx50=50 Ohm, =70 GHz,
Ujis=1.16mV, l;35=Iz=3mA) the voltages of the bias sources have to be adjusted to:

Uig=0 ~0

U;=0 ~0

Ui = —Ig*R1650 ~-150mV
Uis = +8*f/K 99 +Ig*R1550 ~+1.16mV +150mV
Uyy = +8*f/K 390 ~+1.16mV
Uyz = +8*f/K ;90 ~+1.16mV
U; = +8*f/K ;90 ~+1.16mV
Ujosephson = +8*/K ;90 ~+1l.16mV

According to these equations each voltage between +/- 10 V can be programmed with an
increment of 140 pV. With an additional timing and synchronisation of all bias sources
also step wise approximated AC waveforms can be generated, which are used for
calibration RMS voltages of sinus waves.

© SUPRACON AG
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6.3 Calibration a Fluke 57XX calibrator
3 supraVOlLTcontral EI&M
File Calibration DC  Calibration AC  Voltmeter Test Electronic  Performance Test Options Devices Systern Log  Help  Info
a
- 2k supracon
|
N Identifier Voltage RMS Frequency Phase Loops Measuring Channel  Init PXI |
— Time
I Start  Stop  Steps Start  Stop  Steps Find Phase? A ) LE-—I
N = _
[ 0.01 1 G 125 1000 1 170 2 B @ 10 |sec
onemtsie 5 oo | 1 | o | [m Jow| | [ ][] o |[v]
Frequency [Hz] Voltage RMS [V] Mode Measurement [V] STDV [uv] UNC Gain STOV [uV =« |
1250 001 Differential - - - -
1250 0.21 Differential - - - - - |
125.0 041 Differential 0.4099958 381 269E-6 0.9996075 -
1250 050 Differential - - - -
1250 0.0 Differential - - - - - [
1250 100 Differential 0.9999980 0.30 212E-7 0.9996075 -
N
< [T r i
= 1000020~ 000V +/-195uV [/
L 1.000010- - 044V +/-184pV | l
g 1.000000- - - + U 083V +/-194uV | |
7 0999990 . 114V +/-1800v [
£ 0999980 5
-010 005 0 005 01 sl AL 2
Iseg Trim [mA] M 1ALV +/-179pV |77 E—
o =T
5 & 135V +/-186V
g 02 LIV /17200 [
£ 5
3 2 083V +/1700V [
& 02-
04~ 044V +/-193V
- | 1 I I I 1 I
0 5000 10000 15000 20000 25000 29939 0.00V +/-205uV | H
[ | ‘ | Satus: [l [
= == —=—— = = [ T e e W e
-
{3 Show_FFT [
Freguency [Hz] D 50 800,00  PhaseNoise () Phase Nose [0 [IT-IT/IT-IT - 1500 2400 3200 4000 4800 5600
Amplitude [V] 3.432E-5 1.23E-6 1000312 91.2 91.2 0.000 27J0E-5 211E-5 450E-7 385E-6 592E-7 133E-5
< m | 3
5 ge -1
1
01
0.01
0.001
o
E 0.0001
E—
e 1E-5
1E-6-[Fpr—| I
1E-7- L i i B
1E-8-=F = =
| /ML) ] ] | |
1E-9 1
||
1E-10- '
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000
Time
|
RMS 1.00031 vV Phaze Moise (left) 9119 dB Frequency okay? @ -
Offset 343215 i
ik 12281456 |y  PhaseNoise (right) 9116 | dB  Save FFT data (H Save | [ cancel | [ ok |
m —
-
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6.5 Load Calibration Values
| Test - Editor - = | B
Datei Bearbeiten Format Ansicht 7
Frequency [Hz] voltage[V] Mode Sampl. Freq. Meas. Time [s5] Loops -
40 0.002 Differential 1 1 50
10 1 pDifferential 2 1 10
125 2.5 pifferential 3 1 10
125 2.5 Direct 3 1 10
375 4 pDifferential 4 1 10
640 7.19 pifferential 6 1 10
800 5 pifferential 10 1 20
2000 5 Differential 10 1 2P
0 10 DC
4 2
Zeilel, Spaltel
6.6 Allan Deviation
1.0+
Z 01
=
00 .
=
=
Z200
=
0.0-5 [
00:00:01 00:02:00 00:04:00 00:06:00 00:08:00 00:10:00 00:12:00 00:14:00 00:16:40
Time [hhimmiss]
6.7 Save Values
< 1000010~ 044V +/-2100V [/ ,ﬂ 0.0008 - W ©
2 1.000000- 083V +/-2020V [/ 00006 . ‘ t| b F
£ 0.999990- LIV /207 [ d L " ; }‘I:H i
> b 0.0004 - H 0 0 N AT t | “ i
& 0.999980 135V /200 [ ditliai _.gwi.’ ]M
X 09070, . : . . ravrasy [ 3 00 'J “ i N A
5 -4 2 0 2 4 499 i B 2 3 I PRI
Iseg Trim [mA] 135V +/-210V [ | 2 ‘ i Ir i
0169788~ ; 114V 030 [~/ T 00002 T -‘ ,
% 0.100000- b
2 083V +/-196pV [/ 0.0004 -/ e
S 0.00000- M
E 044V +/-2010V [ 0.0006-
=y 000V +/-233u0V [~
-0'170018-| 1 1 1 1 1 1 1 1 1 11 ’ ¢ E O‘OOOS-I 1 1 1 | "
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5099 044V +/-250V [/ x| 0 50 100 150 200 254
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7 Instructions for handling liquid helium (Liquid Helium
version)

The centre part of the AC Josephson system is a 10V programmable Josephson voltage
standard array, which must be operated at a temperature of 4.2 K, the boiling temperature
of liquid helium at normal barometric pressure. The programmable JJ array is mounted on
a chip carrier which is installed in a cryoprobe. The cold head of the cryoprobe has to be
immersed into a liquid helium Dewar. This chapter describes the safe handling of liquid
helium and the cooling down and warming up cycles of the cryoprobe.

Follow the operating instructions of the manufacturer of the liquid helium Dewar,
for instance Air Liquide, which you will find in the accompanying documentation.

7.1 Safety precautions

Before handling liquid helium:

1. Read the following guidelines.

2. Know and understand the properties and hazards associated with liquid helium.
3. Understand your liquid helium Dewar and its correct operation.

Liquid helium boils at a temperature of 4.2 K (-269°C). It is inert, colourless, odourless,
non-corrosive, extremely cold, and non-flammable. Helium will not react with other
elements or compounds under ordinary conditions. Since helium is non-corrosive, special
construction materials are not required. However, the materials must be suitable for use at
the extremely low temperatures.

Heating of the liquid helium leads to pressure increase and danger of the Dewar bursting.
Spilled fluid is extremely cold and evaporates very quickly. Fluid contact to the skin leads
to cold burns and fluid contact to the eyes leads to eye injuries. Helium gas can cause
suffocation without preceding symptoms by displacing the oxygen of the air. Helium gas
has a lower density than air, consequently it rises to the ceiling and spreads along the
ceiling. There is also a danger of skin adhesion to super cooled metal parts. It is
recommended to wear safety glasses, protective gloves and closed clothing when you
have to carry out a refilling procedure.

To know what precautions to take is to recognize that at 4.2 K all other gases are
solidified (the melting points of nitrogen, oxygen, and argon are 63.1 K, 54.4 K, and
83.8 K, respectively). Therefore, helium systems and Dewars must prevent the backflow
of air as this constitutes a major safety hazard. Dewars open to the atmosphere for
prolonged periods can form "ice plugs" which help to contain the boil off which in
turn can lead to overpressure and potential catastrophic failure (explosion). If you
discover a Dewar which has been left open to the atmosphere for a period of time (e.g. via
syphon entry port, helium recovery valve or bladder pressurisation valve):

1. Probe the inside of the Dewar with a helium dipstick in order to establish if it is clear
and ableto  vent.

2. Report the event to your supervisor, senior technical staff or Departmental Safety
Officer.

3. If the Dewar is blocked or partially blocked: Clear the area near the Dewar of all
personnel and inform your supervisor immediately.

© SUPRACON AG
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The extremely low temperatures associated with liquid helium can lead to condensation of
the air's oxygen on the cold pipes. The condensed oxygen has the potential to drip down
and combust spontaneously if it comes into contact with oil or fat. Also contact with flames
(e.g. lighters or lit matches) can result in explosive combustion.

Overpressure in the Dewar due to faulty operation is an explosion hazard. The pressure
must be reduced slowly by a slight opening of the discharge valve. High pressures within
the Dewar can lead to a large increase of the boiling temperature of the liquid helium.
Consequently, an abrupt tension release of the overheated liquid helium can result in a
very high boil off and strong oscillations until the liquid gas has cooled down to its boiling
temperature at atmospheric pressure again.

Cryogenic liquids kept in insulated Dewars remain at a constant temperature at their
respective boiling points and will gradually evaporate. The very large increase in volume
accompanying the vaporization of the liquid into gas and the subsequent process of
warming up is approximately 1:700 for helium.

It is very important to consider the following safety precaution summary.

Liquid Helium Handling Golden Rules:

Always use and store in a well-ventilated area.

Always wear your eye protection.

Always wear your safety gloves.

Keep the liquid containers vertical at all times, avoid tilting the liquid helium Dewar.

Avoid mechanical or thermal shock.

Open valves slowly and be aware of gas noises.

Avoid splashing and use the minimum quantity required.

Never touch un-insulated pipes, parts or vessels.

Always transfer slowly.

Never leave a Dewar open to the atmosphere.

Never drop objects into the liquid helium.

l. Never accompany cryogenic liquid vessels in lifts.

m. Use protective goggles and protective gloves when handling cryogenic fluids, like liquid
helium.

n. Avoid humidity intrusion into the liquid helium Dewar. Otherwise ice-formation inside the

neck of the liquid helium Dewar is possible.

T T Se@cmoao0oTe

Finally imagine cryogenic liquids to be like "hot boiling water — only worse!"

Take extreme care at all times!

7.2 Instructions for cooling down and warming up the
cryoprobe with the JJ array

Read the following instruction for cooling down and warming up the cryoprobe with
the JJ array chip carefully. Be sure to understand the safety precautions of chapter

The cryoprobe can be kept continuously immersed in the 65 Liter Dewar for as long as
about 15 days between refills, see last paragraph of chapter.

© SUPRACON AG
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The contribution of the cryoprobe to the liquid helium boil off rate of a 65 Litre Dewar from
Air Liquide is about 2.4 Litre per day. The intrinsic boil off rate of this Dewar without the
cryoprobe is about 1.6 Litre per day. If the cryoprobe is immersed permanently in this
liquid helium Dewar, starting with a full Dewar, measurements can be done over a period
of about 15 days. If the cryoprobe is positioned over night in the topmost position, where
the cryoprobe can not be moved any higher, then the measuring period can be extended
up to about 20 days. The cryoprobe can be stationed at the topmost, the lowest or any
other position by means of the variable clamp.

7.2.1 Preconditions

Release the BHK head (see Dewar manual of AIR LIQUIDE) of the liquid helium Dewar
and insert the cryoprobe into the liquid helium Dewar only if:

Firstly no overpressure exists, see in Figure the differential pressure manometer
(5) on the Dewar!
Secondly the gas discharge valve (4) of the Dewar is in the open position!

Figure 6 Helium Dewar: Top view of the liquid helium Dewar with the inserted cryoprobe.
1: Road transport relief valve (here in the open position), 2: filterbox of the cryoprobe, 3:
ND50 sliding Dewar mount flange, 4: gas discharge valve (here in the closed position), 5:
differential pressure barometer, avoid an overpressure of more than 50 mbar in the liquid
helium Dewar, 6: safety valve set at 0.5 bar.
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7.2.2 Cooling down cycle of the cryoprobe

Cool down the cryoprobe without the microwave electronics attached.

Avoid an overpressure of more than 50 mbar in the liquid helium Dewar during the
cooling down cycle.

Slightly tip on the differential pressure barometer (5 in Figure ) with a finger in order to
overcome the friction in it and to improve the measurement. Cool down slowly: Insert the
cryoprobe in small steps into the liquid helium Dewar over a time of at least 40 minutes.
We advise the cooling down of the JJ array chip by inserting the cryoprobe in several 10
cm steps, with a pause at each position of about 5 minutes.

1. Satisfy yourself that no overpressure exists in the Dewar.

2. Open the gas discharge valve (4) and open the road transport relief valve (1) of
the Dewar, see Figure .

3. Slide the ND50 sliding Dewar mount flange (3 in Figure ) of the cryoprobe down to the
cryoperm shield and fix this position by means of the variable clamp.

4. Open the flange clamp and take out the BHK head of the liquid helium Dewar. Insert
the cryoprobe in the Dewar at its highest position, fix the ND50 sliding Dewar mount
flange with the flange clamp.

5. Close the gas discharge valve (4), the road transport relief valve (1) must be still open.

6. Move the cryoprobe about 10 cm down, fix it at this position with the variable clamp,
and wait for about 5 min. Repeat this procedure until the cryoprobe is fully inserted in
the liquid helium Dewar marked by the fixed clamp.

Caution: If the overpressure is higher than 40 mbar keep the cryoprobe at this
position, for at least 10 minutes and then continue.

7.2.3 Warming up cycle of the cryoprobe

Follow the instructions of chapter 7.2.2 in the reverse sequence.

1. Disconnect the 70 GHz microwave synthesizer from the cryoprobe top WR12 flange
(use the attached hex wrench), and disconnect the power supply of the synthesizer.

2. Disconnect all 17 SMB cables at the cryoprobe.

3. Pull out the cryoprobe in 10 cm steps and wait at these positions for at least 5 minutes.

4. Leave the cryoprobe at its highest position if measurements are to undertaken with the
same liquid helium Dewar.

If the liquid helium Dewar must be exchanged by a refilled Dewar then leave the

cryoprobe at its highest position for about 30 minutes, to warm up almost completely.

Open the discharge valve (4 in Figure ), open the flange clamp, pull out the cryoprobe,
insert the BHK head, fix it with the flange clamp, and close the gas discharge valve (4 in
Figure ) of the Dewar.

Do not heat the cryoprobe during the warm up procedure! Warm up the cryoprobe
slowly in order to reduce the formation of frost and water caused by melting frost. Heating
of the cryoprobe causes worse problems than condensed water.
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8 Contact

In the case of any technical problems with the system or if you have some
questions please do not hesitate to contact us. We will do our best to help you.

Michael Starkloff

Phone: +49 - 3641 - 2328169
Fax: +49 - 3641 - 2328199
e-mail; starkloff@supracon.com

Marco Schubert

Phone: +49 - 3641 - 206 342
e-mail: schubert@supracon.com

Our Homepage:  www.supracon.com
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Supracon AG

An der Lenmgrube 11
07751 Jena
Germany

Tel.: +49-(0)3641-2328100
Fax: +49-(0)3641-2328109
info@supracon.com
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